University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Doctoral Dissertations

Graduate School

8-2020

Lower Extremity Muscle Contributions to ACL Loading in Healthy
and ACL-Reconstructed Females
Shelby Peel
University of Tennessee, Knoxville, speel@vols.utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss
Part of the Biomechanics Commons, and the Exercise Science Commons

Recommended Citation
Peel, Shelby, "Lower Extremity Muscle Contributions to ACL Loading in Healthy and ACL-Reconstructed
Females. " PhD diss., University of Tennessee, 2020.
https://trace.tennessee.edu/utk_graddiss/6940

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.

To the Graduate Council:
I am submitting herewith a dissertation written by Shelby Peel entitled "Lower Extremity Muscle
Contributions to ACL Loading in Healthy and ACL-Reconstructed Females." I have examined the
final electronic copy of this dissertation for form and content and recommend that it be
accepted in partial fulfillment of the requirements for the degree of Doctor of Philosophy, with a
major in Kinesiology and Sport Studies.
Joshua T. Weinhandl, Major Professor
We have read this dissertation and recommend its acceptance:
Songning Zhang, Jeffery A. Reinbolt, Liesel G. Schneider, John C. Sorochan
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

LOWER EXTREMITY MUSCLE CONTRIBUTIONS TO ACL LOADING IN HEALTHY
AND ACL-RECONSTRUCTED FEMALES

A Dissertation Presented for the
Doctorate of Philosophy
Degree
The University of Tennessee, Knoxville

Shelby Anne Peel
August 2020

Copyright © by Shelby Anne Peel
All rights reserved

ii

DEDICATION
This dissertation is dedicated to my father, Jack Peel, and my brother, Rhett Peel.
Without the sacrifices my father made as a single father to provide a great life for my brother and
I, I would not have a dissertation to dedicate. I am forever grateful to you, dad. My brother’s
pursuit to service of our country as a Naval seaman continues to be one of my biggest
inspirations. Thank you, Rhett, for your service and commitment to protect our country, all while
still thinking of me and offering support throughout my doctoral work. Thank you both for your
unconditional love, your encouragement, and for the kick in the pants when I needed it
throughout this dissertation process. I hope this achievement is something you both can be proud
of. From the bottom of my heart, thank you.

iii

ACKNOWLEDGMENT
The phrase “it takes a village” has never been more true than when it is used to describe
completing a dissertation. The people listed here deserve much more for the roles they played in
completing my dissertation, but this simple acknowledgement will have to suffice. I would like
to thank my lab mates involved in this process, especially Lauren Schroeder, Jake Melaro, and
Tanner Thorsen. Lauren, thank you for always being my go-to pilot subject, and for being the yin
to my yang in the lab. Jake, thank you for the immense amount of help with data collections for
this dissertation. I could not have done this without you. Finally, thank you Tanner, as well as
Christine Thorsen, for accepting me not as a friend, but as family. My life has been forever
changed for knowing you both.
This dissertation would not be possible without the time, knowledge, and assistance from
my dissertation committee members. I would like to thank Dr. Songning Zhang, Dr. Jeff
Reinbolt, Dr. Liesel Schneider, and Dr. John Sorochan. Thank you for the countless emails,
office meetings, and Zoom meetings that you all have allowed me to have to make this
dissertation the best it could be. I have learned so much for you all and forever grateful for your
help.
Finally, I would like to thank my advisor, Dr. Josh Weinhandl. I would not be the
biomechanist I am today without your guidance and support. Thank you for always pushing me
to be better. Thank you for letting me walk into your office any time I had a question, comment,
or concern. I hope that what I do in the future with what I have learned from you will only make
you proud. I am especially grateful that after four years, I can not only call you my mentor, but
my friend. I look forward to years of continuous collaboration together in the future.

iv

ABSTRACT
Females are 16 times greater to sustain a second ACL injury compared to their healthy
female counterparts. Many of these females return to play their respective sport after an ACLreconstruction (ACL-R). However, one variable hypothesized to be associated with injury that
cannot be avoided is muscular fatigue. Little is known about the influence fatigue has on lower
extremity mechanics of ACL-R females. The purpose of this dissertation was to determine how
fatigue and surgical intervention of the ACL influenced lower extremity mechanics as well as
how is to determine how individual lower extremity muscles contributed to healthy and ACL-R
females. Chapter 3 discusses how lower extremity mechanics changed in healthy and ACL-R
females pre- and post-fatigue. Chapter 4 examines how overall ACL loading (FACL) was
influenced in healthy and ACL-R females pre- and post-fatigue. Finally, Chapter 5 discusses
how fatigue and ACL-R affected individual muscle contribution to FACL.
Chapter 3 showed that ACL-reconstruction and fatigue is influential on specific hip and
knee mechanics in recreationally active females. ACL-R female displayed altered hip mechanics
that may place them at a higher risk of ACL re-injury, especially after muscular fatigue has been
induced, compared to healthy females. Chapter 4 found that fatigue or surgical intervention did
not influence FACL. Finally, Chapter 5 showed that fatigue or surgical intervention did not
influence individual muscle contributions to FACL.
Future research should focus on the effects fatigue did have on hip mechanics in ACL-R
females as a way to improve injury prevention as well as rehabilitation protocols. Future research
should also focus on improving the limitations of this dissertation.
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Chapter 1: Development of the Problem
Background and Rationale
Anterior cruciate ligament (ACL) injuries are extremely prevalent, costly, and result in
long term consequences, such as early onset knee osteoarthritis. Approximately 200,000 ACL
injuries occur every year in the United States (1). Up to 30% of these athletes will sustain a
second ACL injury within 24 months of the original injury (2). Numerous studies have reported
that females are two to eight times more likely to sustain an ACL injury compared to their male
counterparts (1, 3-6). This is influenced by both anatomical factors, such as females having
larger Q-angles, smaller ACL length and circumference, and increased hormonal fluctuations
throughout the month, and biomechanical factors like landing with a more erect posture or
cutting with larger knee abduction angles (7, 8). As such, gaining new perspective into the
mechanisms behind the high ACL injury rates for females is critical.
It is well known that the primary role of the ACL is to prevent excessive anterior tibial
translation. It has also been theorized that co-activation of the hamstrings and quadriceps help
protect the ACL. Recruitment of the hamstrings help reduce ACL loading via counteracting
excessive quadriceps force (9, 10). However, it is reasonable to assume that additional muscles
beyond the quadriceps and hamstrings influence ACL loading. While muscles that cross the knee
joint do, to various degrees, play a role in ACL loading, muscles that do not span the knee joint
cannot be overlooked. It is known that muscles can accelerate joints that they do not directly
span due to the phenomenon known as “dynamic coupling” (11), which in turn would also
influence loading of the ACL. Previous research has also shown that non-knee spanning muscles,
such as the gluteus maximus, gluteus medius, and the soleus do influence tibiofemoral shear
force as well as frontal and transverse plane knee moments during an unanticipated sidestep cut
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(12). However, loading of the ACL was not calculated in this study. While the movement
patterns that often lead to ACL injuries are established (e.g. unanticipated cutting, single leg
landing, change of direction, sudden deceleration), it is important to understand what muscles are
contributing to the overloading of the ACL during these movements. It is also critical to
understand how the contributions of these muscles may alter after surgical intervention of the
ACL, known as ACL reconstruction (ACL-R).
Approximately 100,000 to 150,000 of all ACL injuries occurring in the United States
each year will undergo an ACL-R (13). The cost for ACL-R and subsequent physical therapy
exceeds $2 billion annually (14-16). The primary goal of conducting an ACL-R is to return
individuals back to an active lifestyle by regaining stability after an ACL injury (17). While
ACL-R returns most athletes back to play, kinematic and kinetic changes to the reconstructed
knee still exist compared to the contralateral knee or control knees. These include changes in
knee joint kinematics and kinetics, decreased muscular strength, altered muscular activity, loss of
proprioception, and changes in coordinative variability of the knee joint (18-25). These altered
mechanics are responsible for why 17% of athletes do not return to play after ACL-R, and why
10% to 30% of athletes who do return to play after an ACL-R will sustain a second ACL injury
(26-30). Unfortunately, females are four times more likely to experience a second ACL injury
after the initial ACL-R compared to their male counterparts (31). As such, great effort has been
placed on decreasing this high reinjury rate.
Because up to 83% of ACL-R athletes return to their pre-injury sport (32), coaches and
clinicians strive to implement rehabilitative programs that will put the athlete in the best position
to avoid a secondary ACL injury. However, regardless if an athlete is healthy or ACL-R, fatigue
is one factor that cannot be avoided. Fatigue is a complex system. It is thought that when an
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individual becomes fatigued, the fatigued musculature is not able to absorb energy as well as
non-fatigued musculature (33). This in turn leads to decreases in neuromuscular control,
decreased proprioception of the knee, and altered lower extremity mechanics, thus potentially
overloading the ACL and causing injury (34-39). Few studies have observed the effects fatigue
has on healthy females during tasks, such as landing and cutting (34, 35, 38, 40-45). Even fewer
studies exist that report the influence of fatigue on ACL-R females compared to a healthy group
(46, 47). However, these few studies do suggest that altered neuromuscular control potentially
exists in ACL-R females after a fatigue protocol (46, 47). Therefore, it is possible that lower
extremity muscles would exhibit altered loading patterns on the ACL in a fatigued state for these
two populations.
Musculoskeletal modeling provides a way to measure physiological parameters, such as
(i.e., muscle force, joint contact force, ligamentous force, etc.) that are difficult to measure in
vivo (48-50) during athletic movements such as cutting and various landing tasks (51-54).
Through the use of musculoskeletal modeling, studies have observed how individual muscles
contribute to tibiofemoral contact forces, tibiofemoral shear force, and frontal and transverse
knee moments in healthy individuals (12, 55, 56). Yet, no study has observed how individual
muscles contribute to ACL loading in ACL-reconstructed (ACL-R) individuals. It is established
that knee mechanics, such as sagittal and frontal knee moments, are different between healthy
and ACL-R individuals (57). It has also been shown that vasti muscle activation is lower in
ACL-R limbs compared to their noninvolved limb (58). However, it is currently unknown how
lower extremity muscles influence loading of the ACL after a surgical repair, and how these
muscles may be influenced by fatigue once an athlete has returned to sport. Understanding
specifically which muscles most influence ACL loading in healthy and in ACL-R individuals
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may help clinicians, trainers, and coaches in preparing better ACL prevention and rehabilitation
protocols for their athletes, as well gain insight to how muscle contribution may change after
ACL reconstruction.
Statement of the Problem
While much research has been conducted regarding healthy and ACL-R females once
they return to sport, high rates of primary and secondary ACL injuries still occur. Neuromuscular
control is a major component that has been shown to reduce ACL injuries, when implemented
properly in prevention protocols. Studies have shown that muscles, such as the quadriceps,
hamstrings, gastrocnemius, soleus, and hip abductors, both directly and indirectly influence knee
joint moments and forces. These muscles also influence ACL loading by the strength and timing
of their contractions. While it can be hypothesized of how much these muscles contribute to
ACL loading, no study to date has observed the effects of individual muscle contribution to ACL
loading. By understanding how the lower extremity musculature influences ACL loading in
healthy and ACL-R females in fatigued and non-fatigued states, new insight regarding
neuromuscular control can be gained with the hope of building better prevention and
rehabilitation protocols.
Statement of Purpose
The purpose of this dissertation was to determine how individual lower extremity
muscles contribute to ACL loading in a pre-fatigued versus post-fatigue state in healthy and
ACL-R females. We accomplished this purpose with two specific aims. Specific aim 1 was to
observe the lower extremity joint kinematics and kinetics pre and post a fatigue protocol in
healthy and ACL-R females. Specific aim 2 was to observe individual muscle contribution to
ACL loading pre and post a fatigue protocol in healthy and ACL-R females. Lower extremity
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kinematics and kinetics were collected, and estimated muscle forces were calculated to
determine differences between the two populations and how fatigue may have influenced muscle
contribution to ACL loading.
Research Hypotheses
Previous research suggests that ACL-R individuals have altered lower extremity
mechanics during athletic movements, such as landing, compared to healthy individuals or the
ACL-R individual’s uninvolved limb (59-63). Therefore, it was hypothesized that hip, knee, and
ankle kinematics and kinetics would be different between healthy and ACL-R females. It was
further hypothesized that hip, knee, and ankle kinematics and kinetics would be different pre and
post-fatigue in both healthy and ACL-R individuals.
As this was a novel and exploratory approach to understanding how lower extremity
muscles contribute to ACL loading, not enough information currently exists to state a directed
hypothesis regarding how fatigue will influence individual muscle contributions to ACL loading
pre and post-fatigue in healthy and ACL-R females. However, it has been shown in previous
research that fatigue may affect quadriceps and hamstrings muscle activity in ACL-R
individuals, which could influence the contributions of lower extremity muscles on ACL loading
(64-66). Therefore, it was hypothesized that individual lower extremity muscle contributions to
overall ACL loading would be different between pre and post-fatigue conditions. Further, it was
hypothesized that individual lower extremity muscle contributions to ACL loading would be
different between the healthy and ACL-R females post-fatigue.
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Independent Variables
•

Fatigue state – pre-fatigue, post-fatigue

•

Group – healthy, ACL-R
Dependent Variables

•

Chapter 3:
o Hip flexion/extension angle
o Hip abduction/adduction angle
o Hip internal/external rotation angle
o Knee flexion/extension angle
o Knee abduction/adduction angle
o Knee internal/external rotation angle
o Ankle dorsiflexion/plantarflexion angle
o Ankle inversion/eversion angle
o Hip flexion/extension moment
o Hip abduction/adduction moment
o Hip internal/external rotation moment
o Knee flexion/extension moment
o Knee abduction/adduction moment
o Knee internal/external rotation moment
o Ankle dorsiflexion/plantarflexion moment
o Ankle inversion/eversion moment

•

Chapter 4:
o Overall ACL loading (FACL)
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•

Chapter 5:
o Individual muscle contribution to FACL
Limitations of the Study

•

Participants were fatigued using a general fatigue protocol with a reactive task in order to
represent a game-like scenario. Fatigue experienced in real games is multifactorial and
varies across sports.

•

The use of musculoskeletal modeling only provided estimates of muscle properties based
on experimental data.

•

There was a mixture of all graft types within the proposed study’s participant pool. These
participants came from different orthopedic surgeon groups as well as different physical
therapy clinics.

•

Participants in the proposed study came from various sports backgrounds.
Delimitations of the Study

•

Participants were between the ages of 18 to 35 years old.

•

Participants were restricted to females only.

•

Participants determined to be in the healthy group that has had any lower extremity
injuries which required surgery were excluded.

•

Any participant who experienced a lower extremity injury within the past six months
were excluded.

•

Any participant who experienced pain on the days of testing were excluded.

•

Any ACL-R participant who was less than 1-year post-surgery were excluded.
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Assumptions of the Study
•

Participants were truthful when filling out their health history forms regarding lower
extremity injury history and weekly activity levels.

•

Participants were truthful when completing the Lower Extremity Functional Scale, Knee
injury and Osteoarthritis Outcome Score, International Knee Documentation Committee,
Tampa Scale for Kinesiophobia, and the musculoskeletal health questionnaire.

•

Participants gave maximal effort during the fatiguing protocol.

•

Standardized laboratory shoes did not affect ankle or foot mechanics during testing.

•

The twelve-camera infrared motion capture system (Vicon Motion Analysis, Inc.,
Centennial, CO, USA) and force platforms (BP600600, Advanced Mechanical
Technology, Inc., Watertown, MA, USA) were accurately calibrated for each data
collection throughout the study.
Significance of the Study
The potential for this study to add new insight into fatigue and its relationship to healthy

and ACL-R females was vast. Information gained from these data confirmed and corroborate the
existing literature supporting fatigue’s influence on ACL injuries, and opened a new pipeline of
research into what is causing the high rates of ACL injuries seen in healthy and ACL-R females.
This gives invaluable information to coaches and clinicians to better protect their female athletes.
Therefore, understanding how lower extremity musculature contributes to ACL loading in
healthy and ACL-R females pre and post fatigue is paramount.
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Operational Definition of Terms
•

Noncontact ACL injury: an injury to the ACL that occurs in the absence of direct contact
to the knee from another player. These injuries often occur during unanticipated athletic
movements, such as cutting, single-leg landing, or rapid deceleration.

•

ACL Loading: increased elongation of the ACL, thus increasing tensile forces and strain
placed upon the ACL.

•

Fatigue: defined as a decrease in the muscles ability to produce force after an exercise
bout.

•

Recreationally active: defined as a participant completing a physical training session at
least 3 days per week for a minimum of 30 minutes per session, with one session being a
dynamic training session.

•

Joint Moments: tendency of a force to rotate an object about an axis of rotation. In this
study, joint moments will be defined as internally applied moments that are the net
rotational effect of muscle forces about a joint to resist an external load. Joint moments
were expressed in the joint coordinate system.

•

Initial contact: defined as the instance where vertical ground reaction forces exceed 10
Newtons on the force plate.

•

The convention for joint kinematics and kinetics will follow the right-handed Cartesian
segmental coordinate systems (x-y-z).
o Hip: flexion (+)/extension (-), adduction (+)/abduction (-), internal rotation
(+)/external rotation (-)
o Knee: flexion (-)/extension (+), adduction (+)/abduction (-), internal rotation
(+)/external rotation (-)
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o Ankle: dorsiflexion (+)/plantarflexion (-), inversion (+)/eversion (-)
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Chapter 2: Review of the Literature
Introduction
The tibiofemoral joint contains four ligaments critical for stability and mobility during
movement. Specifically, the ACL is of great importance due to its role in resisting anterior tibial
translation as well as tibial internal rotation (67, 68). Unfortunately, the ACL is highly
susceptible to injury, especially during athletic activities. Because of this, the ACL has been
widely researched over many decades. Although much research has been conducted regarding
the ACL, injury rates are still elevated. Through various studies, it has been well established that
females are two to eight times more likely to experience an ACL injury compared to their male
counterparts (1, 3-6). As such, improving ACL injury prevention protocols for females is of
utmost importance.
Most ACL injuries result in a subsequent ACL-R. Many of these ACL-R individuals will
eventually return to sport. However, up to 30% of ACL-R athletes will sustain a second ACL
injury. Research has shown that altered kinematics and kinetics exist in ACL-R females (26, 6971). These altered mechanics after ACL-R may place these individuals at a higher risk of
experiencing a second ACL injury. Various ACL injury risk factors exist, however, one factor
that is grossly understudied is fatigue. Fatigue is a complex mechanism. Contradicting studies
exist reporting on fatigue’s relationship with ACL injury risk (34-36, 43, 72, 73). These
contradictory results show how unclear the effect fatigue has on ACL injury risk. It is theorized
that when individual becomes fatigued, the fatigued musculature is not able to absorb energy as
well as non-fatigued musculature (74). Lower extremity musculature is highly influential on
ACL loading. Fatigue may affect the contributions that these muscles have to ACL loading,
particularly in females that have an ACL-R. Thus, ACL injury risk may be elevated due to
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altered musculature contributions to ACL loading in a fatigued state both in healthy and ACL-R
females.
The purpose of this dissertation was to determine how individual lower extremity
muscles contribute to ACL loading in healthy and ACL-reconstructed females between a nonfatigued and a fatigued state. This chapter reviews current literature discussing ACL anatomy,
biomechanical factors associated with ACL loading, ACL injuries, and ACL reconstruction,
fatigue and its effects on cutting and landing mechanics, and musculoskeletal modeling and its
relation to estimated lower extremity muscle contributions.
ACL Overview
ACL Anatomy
The ACL has been referred to as the most important ligament of the four primary
ligaments of the knee joint (75-77). When discussing injuries involving the ACL, it is important
to first understand the anatomy of the ACL itself, as well as its articulations on the femur and the
tibia. The ACL is a thick, dense band of connective tissue that is classified as extrasynovial even
though it is located intraarticularly of the knee joint (77). This connective tissue is made of a
highly organized collagen matrix, with approximately 90% as type I collagen fibers and the
remaining ~10% as type III collagen fibers (78-80). Thus, the ACL is a strong, relatively flexible
ligament.
Named after its tibial attachment, the ACL attaches anteriorly to the tibial intercondylar
eminence (81). It then extends up and backwards to attach on the posteromedial aspect of the
lateral femoral condyle (81). While the ACL is commonly thought of as one, singular ligament,
many studies agree the ACL contains two predominate bundles: the anteromedial bundle (AM)
and the posterolateral bundle (PL) (76, 82-86). The AM originates on the anteroproximal aspect
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of the femoral condyle and inserts on the anteromedial aspect of the tibia, while the PL originates
at the posterodistal aspect of the femoral condyle and inserts on the posterolateral aspect of the
tibia (87). Overall, the ACL is approximately 22 to 41 mm in length, with a mean length of 32
mm (87-89). Its width is approximately 7 to 12 mm, with a mean width of 11 mm (87, 88). It is
most likely, however, that these measurements reflect the AM bundle of the ACL (90). More
recently, studies have shown that the AM bundle is bigger than the PL bundle, and that both
bundles are larger in males compared to females (76, 86). While many studies support a twobundle model, Odensten and Gillquist (91) reported no evidence to support the presence of the
AM and PL. Conversely, other studies have argued that in fact three tissue bundles exists within
the ACL: the AM, PL, and the intermedial bundle (87, 92). Despite these contradicting studies,
the two-bundle ACL is the most widely accepted model in understanding ACL functionality
(88).
ACL Function
The AM and the PL are believed to have different functions during knee flexion and knee
extension. Many studies have described that the AM lengthens and tightens as the knee flexes,
while the PL lengthens and tightens as the knee extends (87, 92, 93). However, it is important to
note that these studies utilized cadavers in an unloaded condition. Therefore, the function of the
AM and PL in an unloaded condition may not be truly reflective of how it responds to weightbearing activities in living individuals. During a loaded anterior drawer test, Butler et al. (94)
found that the overall ACL’s primary function was to resist anterior tibial translation. They
observed that the ACL resisted 87% of anterior tibial translation at 30° of knee flexion and 85%
of anterior tibial translation at 90° of knee flexion (94). Li et al. (95) utilized in vivo weightbearing lunges to examine how the AM and PL would respond during a loaded condition. They
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found that the AM bundle remained relatively constant in length from full extension to 90° of
knee flexion, while the PL significantly decreased ~14% in length with increasing knee flexion
beyond 60° (95). Kawaguchi et al. (96) also described the functionality of the ACL fibers in
resisting anterior tibial displacement at 0° to 90° of knee flexion concomitantly with 10° or 15°
of tibial internal rotation. They found that the overall central midsubstance of the ACL resisted
82% to 90% of anterior tibial translation. More specifically, the AM resisted 66% to 84% and the
PL resisted 16% to 9% of anterior tibial translation from 0° to 90° of knee flexion (96).
Interestingly, all fibers shared some responsibility in resisting tibial internal rotation, thus no
clear loading pattern was determined (96). These data corroborate other studies that have stated
the ACL’s primary function is to resist anterior tibial translation, with a secondary function of
resisting tibial internal rotation (87, 97).
Not only is the ACL responsible for resisting anterior tibial translation and tibial internal
rotation, it is also an important component in overall knee stability and proprioception of the
knee joint. The ACL plays a critical role in the body’s perception of knee joint position and
movement during all activities. Previous research has shown that mechanoreceptors, which are
responsible for proprioception, exist within the ACL (98-100). These mechanoreceptors include
Ruffini endings, Pacinian corpuscles, and Golgi tendon organs. Pacinian corpuscles are sensitive
to rapid changes in accelerations and the Ruffini endings and Golgi tendon organs provide the
central nervous system with information regarding knee joint position (101).
When the ACL is stretched, these mechanoreceptors become excited and send afferent
impulses to the central nervous system. Consequentially, muscles surrounding the knee joint will
contract to regulate dynamic stability and muscular stiffness in an effort to prevent ligament
injury (102, 103). This protective mechanism was first studied using electromyography signals
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from the quadriceps and hamstrings in healthy and ACL-deficient individuals (104). Solomonow
et al. (104) found that by directly stressing the ACL, quadriceps muscle activity moderately
decreased, but hamstring muscle activity increased in order to stabilize and protect the ACL.
Later, Johannson et al. (103) used feline models to show that stretching the ACL induced
afferent signal changes within the biceps femoris, semitendinosus, lateral gastrocnemius, and
soleus. Thus, damage to the mechanoreceptors within the ACL would alter or inhibit the
protective mechanisms of the surrounding musculature, leading to detriments in overall stability
and functionality of the knee joint.
ACL Loading
ACL injuries occur when the ligament experiences excessive strain and tensile forces (i.e.
load) (105). When the load on the ACL has surpassed the threshold of load the ACL can
withstand, and injury occurs via a partial or full rupture. Both direct in vivo and experimental
biomechanical models have been used to determine the loading that occurs on the ACL during
unloaded and loaded conditions. Three impactful cadaver studies have reported the ultimate load
the ACL can withstand before rupture (106-108). Noyes and Grood (106) saw that in younger
cadavers (i.e. 16 to 26 yrs) the ultimate load was 1730 ± 660 N while in older cadavers (i.e. 48 to
86 yrs) it decreased to 734 ± 266 N. Woo et al. (107) had three age groups and showed younger
cadavers (i.e. 22 to 35 yrs) had an ultimate load of 2160 ± 157 N, middle aged cadavers (i.e. 40
to 50 yrs) had 1503 ± 83 N of load, and older cadavers (i.e. 60 to 97 yrs) had 658 ± 129 N of
load. It is important to note that the differences in magnitude between these two studies can be
accounted for by 1) differences in methodology, and 2) the split of three age groups compared to
only two. While these studies used age as their group split criteria, they did not account for the
differences in gender. Chandrashekar et al. (108) used eight male and nine female (average age:
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37 yrs) to observe how ultimate load was different between genders. Males had an ultimate load
of 1818 ± 699 N while females had 1266 ± 527 N, indicating that males can withstand a greater
ACL load before failure compared to females.
As previously discussed, the ACL’s primary role is to prevent anterior tibial translation,
which is a sagittal plane movement. Thus, it could be hypothesized that sagittal plane loading
alone would be enough to rupture an ACL during athletic movements. Interestingly, this is not
the case. McLean et al. (109) demonstrated that sagittal plane ACL loading alone was not
enough to rupture the ACL. They performed 5000 random perturbations via musculoskeletal
modeling and used peak anterior drawer force as their metric for ACL load. They found that
none of their trials exceeded the 2000 N threshold they set based on previous cadaveric findings
(107, 109). Therefore, ACL ruptures are more likely to be multi-planar in nature.
Many groups have studied the multi-planar nature of ACL injuries in both cadavers and
computer simulations (54, 75, 110-113). Markolf et al.(75) directly measured ACL loading
during four different conditions: 1) anterior tibial shear force plus internal/external tibial torque,
2) anterior tibial shear force plus adduction/abduction moment, 3) internal tibial torque plus
adduction/abduction moment, and 4) external tibial torque plus adduction/abduction moment.
They found that the highest ACL loads existed in the presence of anterior tibial shear force plus
internal tibial torque near extension as well as anterior tibial shear force plus knee abduction
moment at more than 10° of knee flexion (75). However, video analyses have shown that ACL
injuries often occur with a combination of internal or external rotation torque coupled with knee
abduction, not anterior tibial translation (114). Therefore, it is becoming more widely accepted
that a combination of knee abduction with internal tibial torque results in the highest ACL loads
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(110-113). While knee abduction and internal rotation both independently increase ACL load,
the combination of the two often results in the highest ACL load magnitude.
It is well established that the ACL is highly influenced by both muscles spanning and
non-spanning of the knee joint (10, 52, 104, 115-119). The primary muscle groups influencing
the ACL are the quadriceps femoris (i.e. quadriceps) and the hamstrings. The quadriceps consists
of four distinct layers of muscles with the rectus femoris being the most superficial layer, the
vastus lateralis and vastus medius forming the intermedial layer, and the vastus intermedius
forming the deepest layer (120). These four layers converge into one common tendon, known as
the quadriceps tendon, and spans across the patella and inserts on the tibial tuberosity via the
patella tendon (120). The primary role of the quadriceps is to extend the knee joint (121). In
order to pull the knee into extension, the quadriceps must contract and pull the tibia anteriorly.
The antagonists to the quadriceps are the hamstrings. The hamstrings are comprised of three
muscles: biceps femoris on the lateral side, and the semitendinosus and semimembranosus on the
medial side. The semitendinosus and semimembranosus insert on the posteriomedial side of the
tibia, while the biceps femoris inserts on the posterolateral side of the tibia (122, 123). The
primary role of the hamstrings is to flex the knee joint by pulling the tibia posteriorly.
Cadaveric studies have been used to describe the quadriceps and hamstrings function and
their relationship to ACL loading. Early studies have established that isolated quadriceps loading
increases ACL loading via increased anterior tibial translation (116, 117, 124-127). Arms et al.
(124) recorded that significant ACL strain occurred with isometric quadriceps loading from 0° to
45° of knee flexion. Yasuda and Sasaki (127) later corroborated these data and showed that
anterior drawer forces caused by quadriceps contraction were highest from 0° to 45° of knee
flexion. In knee flexion beyond 45°, the quadriceps no longer added significant loading to the
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ACL (128). Li et al. (10) applied a 200 N isolated quadriceps load to cadaveric knees and made
them undergo passive knee flexion. They found that anterior tibial translation and tibial internal
rotation increased as knee flexion increased from 0° to 30° of knee flexion. Beyond 30° of knee
flexion, these translations and rotation movements decreased (10). They also reported that in situ
ACL forces during the isolated quadriceps loading were 27.8 ± 9.3 N at full knee extension,
peaked at 44.9 ± 13.8N at 15° knee flexion, and were reduced to 10 N beyond 60° of knee
flexion (10).
While the quadriceps work to pull the tibia anteriorly, causing anterior tibial translation
and loading of the ACL, the hamstrings work as antagonists to the quadriceps. Renstrom et al.
(128) was one of the first groups to report that the hamstrings work to unload the ACL. While
they showed reductions in ACL strain during cadaveric simulated isometric hamstring
contractions, these findings were not significant from 0° to 60° of knee flexion. Other studies,
such as Li et al. (10), found reductions in anterior tibial translation and internal tibial rotation by
18% and 30%, respectively, at 30° of knee flexion when applying an 80 N hamstring load in
combination with a 200 N quadriceps load to cadaver knees. ACL load was also reduced by
30%, 43%, and 44% at 15°, 30°, and 60° of knee flexion, respectively (10). They concluded that
the hamstrings significantly helped to reduce ACL loads between 15° and 60° of knee flexion
(10). Markolf et al. (118) later supported these findings and concluded the hamstrings had a great
mechanical advantage in controlling anterior tibial shear force up to 90° of knee flexion, thus
helping control ACL loading. More recently, Weinhandl et al. (53) observed the hamstrings
relationship to ACL loading from a different perspective. They utilized a strength reduction
protocol to reduce the strength of the hamstrings following an anticipated cutting task. After
strength reduction, the participants were asked to complete the same anticipated cutting task.
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They found that by reducing the strength and effectiveness of the hamstrings, overall peak ACL
loading increased by 36% (53). Most of this increase was attributed to a 44% increase in sagittal
plane ACL loading (53).
Through musculoskeletal modeling, Pandy and Shelburne (129) were able to describe the
relationship between the ACL load, quadriceps force, and knee flexion angle was accounted for
by the geometry of the knee extensor mechanism and how the orientation of the ACL changes
throughout knee joint range of motion (ROM). They also stated that while hamstring cocontraction concomitant with quadriceps co-contraction was effective in reducing ACL loading
at almost all knee flexion angles, it was not effective near full knee extension (129). This is due
to the insertion angle the hamstrings becoming very small as the knee reaches full extension.
This becomes a mechanically disadvantageous position for the hamstrings, thus inhibiting them
from producing a large posterior force to counteract the anterior force of the quadriceps (129).
While the quadriceps and hamstrings are the primary influencers of ACL loading,
research has shown that other muscles, such as the gastrocnemius, soleus, and potentially hip
musculature may be secondary influencers of ACL loading (52, 117, 119, 130-133). Lass et al.
(133) was one of the first groups to recognize the potential the gastrocnemius had in influencing
ACL loading. They saw increased gastrocnemius muscle activity in participants with ACLdeficient knees compared to controls. This finding led the group to conclude that the
gastrocnemius acts as a functional stabilizer in ACL-deficient knees by preventing anterior tibial
translation, which would reduce the load on the ACL if it were present (133). Durselen et al.
(117) later supported the findings of Lass with the use of cadavers.
These studies, however, contradict the findings of more recent studies. O’Connor (134)
was one of the first to hypothesize that the gastrocnemius is actually an ACL antagonist and pulls
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the tibia anteriorly during contraction due its origin attachments sites. Fleming et al. (131) used
transcutaneous electrical muscle stimulation in six healthy participants. They observed that
isolated contractions of the gastrocnemius increased ACL strain, and the co-contraction of both
the quadriceps and gastrocnemius increased ACL strain greater than either muscle individually at
5° and 15° of knee flexion (131). Later, a cadaveric study showed that at all knee flexion angles,
the gastrocnemius generates force on the tibia that causes it to translate anteriorly, with the
greatest anterior translation occurring at 50° knee flexion (130). Musculoskeletal modeling has
also been used to support these studies (52, 119).
While the gastrocnemius has been shown to have antagonistic characteristics in regards to
ACL loading, increasing evidence shows the non-knee spanning soleus acts as an ACL protector
(52, 119, 130). The soleus originates on the posterior tibia and inserts on the posterior calcaneus.
When the foot is planted, the soleus acts to resist anterior tibial translation about the ankle (130).
Thus, it has been hypothesized that it could have these same resisting effects about the knee.
Elias et al. (130) observed that across the entirety of knee flexion ROM, the soleus acted to
translate the tibia posteriorly. Through musculoskeletal modeling, it has been shown during
landing that the soleus has the capacity to produce a posterior force between 28% to 32% of the
hamstrings posterior force, indicating the co-contraction between the soleus and hamstrings is
important in protecting the ACL (52).
Though the evidence is only speculative, hip musculature is thought to have some
connection to ACL loading. Few studies have suggested that improper hip kinematics and
kinetics are associated concomitant with improper knee kinematics and kinetics, and can lead to
increased ACL loading (2, 132, 135). Khayambashi et al. (136) was the first to show that hip
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muscle strength can be used as a predictor for ACL injuries. In order to concretely state that hip
musculature influences ACL loading, more research is warranted.
Musculature, both spanning and non-spanning of the knee joint, plays a critical role in
ACL loading. Studies via musculoskeletal modeling have shown that the quadriceps, hamstrings,
and gastrocnemius play a role in loading of the ACL in the sagittal plane (53, 54, 137). However,
these studies only determine how much loading the ACL experienced in the sagittal, frontal, and
transverse planes. The exact quantification of how much the lower extremity musculature
contributes to ACL loading is currently unknown. It is also unknown, outside of the quadriceps,
hamstrings, and gastrocnemius, how other muscles, such as the glutes, hip abductors, and soleus,
contribute to loading of the ACL. By determining how major lower extremity muscles contribute
to ACL loading, new innovations in ACL prevention and rehabilitation programs could emerge.
ACL Injury Overview
ACL Injury Prevalence
ACL injuries are one of the most common knee injuries sustained by active individuals
(138). Over a 10-year period, 6,434 patients experienced 7,769 knee injuries (139).
Approximately 20.3% of these knee injuries were classified as ACL injuries (139). Since the
United States does not keep a database of ACL injuries, the exact number of injuries occurring
each year is unknown. However, studies have approximated that 60,000 to 250,000 injuries
occur every year (140, 141). Unfortunately, the incidence of ACL injuries has increased
throughout the years, rising from 32.9 per 100,000 person/years to 43.5 per 100,000 person/years
from 1994 to 2006 (142). Herzog et al. (143) stated the rate of ACL reconstructions has also
increased 22% from 2002 to 2014. These incident rates are not beholden to just the United
States. Finland has reported 60.9 people per 100,000 person/year sustains an ACL injury, while
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Sweden reported 78, New Zealand reported 36.9, and Australia reported 77.4, respectively (144147). This further indicates that ACL injuries have become a worldwide epidemic.
ACL injuries can occur at any age. However, research supports that those between the
ages of 10 to 25 years old are the most at risk for injury (140, 148-151). This can most likely be
attributed to the increasing number of children playing multiple sports throughout the year at
higher levels and more young adults continuing to play intercollegiate and intramural sports in
college (142, 151, 152). Sports that ensued the highest injury rates were basketball, football, and
soccer (139, 153, 154). Interestingly, Sanders et al. (151) showed that injury rates for females
peaked between the ages of 14 to 18 years old, while males peaked between 19 to 25 years old,
indicating ACL injuries are more common for females in high school while it was more common
in college for males. They attributed this to the decline in sport participation for females once
they leave high school (151).
When observing the injury itself, ACL injuries fall under one of two categories: contact
and non-contact. Contact ACL injuries involve direct contact by another player or an object to
the knee, thus causing the injury (155). Non-contact ACL injuries are injuries that occur in the
absence of direct contact to the knee from another player (156). These injuries often occur during
unanticipated athletic movements, such as cutting, single-leg landing, or rapid deceleration.
Nearly 70% of all ACL injuries are defined as non-contact (157). As such, much research has
been conducted to understand the risk factors and injury mechanisms associated with ACL
injuries to stop these incidence rates from increasing further.
ACL Injury Risk Factors
Risk factors for ACL injuries are classified as either internal or external risk factors.
Internal factors are those that pertain to the athlete themselves, such as gender, anatomical
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variables (i.e. knee geometry, limb alignment, etc.), hormones, age, fatigue, prior ACL injury,
and neuromuscular and cognitive function (158). External risk factors are factors outside of the
athlete, such as playing surface, footwear, environmental conditions, and type of activity (158).
Briefly, gender and age have been shown to be highly influential in ACL injury risk. It is well
established that females are two to eight times more likely to sustain an ACL injury compared to
their male counterparts (1, 3-6). This is influenced by both anatomical factors, such as females
having larger Q-angles, smaller ACL length and circumference, and increased hormonal
fluctuations throughout the month, and biomechanical factors like landing with a more erect
posture or cutting with larger knee abduction angles (7, 8). As discussed in the previous section,
ACL injury occurrence peaks between 10 to 25 years of age. Being an athlete increases risk of
injury as it has been shown that ACL injuries are more common in athletic populations compared
to the general public (146, 158, 159). Anatomical variables, such as smaller intercondylar notch
widths and increased posterior tibial slope are correlated with increased injury risk (140).
Finally, playing on artificial turf compared to natural grass or artificial floors compared to
hardwood have been associated with ACL injuries (160, 161).
Two understudied injury risk factors are player fatigue and prior ACL injury. Fatigue is a
controversial injury risk factor as it is poorly understood in its relationship to ACL injury due to
its complexity. However, increases in knee abduction and knee internal rotation angles as well as
decreased knee flexion angle has been observed following a fatigue protocol (45, 66, 162).
Alterations in quadriceps and hamstring muscle activity has also been observed post fatigue (64,
65). Both alterations in lower extremity mechanics and muscle activity appear to indicate that
fatigue may place an athlete at an increased risk for ACL injury. ACL-R subsequent to an ACL
injury also seems to influence ACL injury risk. After ACL-R, post-surgery consequences exist in
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the form of altered knee mechanics, decreased hamstring strength, and altered knee
proprioception. Unfortunately, 10% to 30% of athletes who return to play after ACL-R will
sustain a second ACL injury (26, 27, 30). Therefore, understanding how fatigue and prior ACL
injury affects the risk of experiencing an ACL injury is of utmost importance.
ACL Injury Mechanisms
As stated previously, much research and work has been dedicated to understanding and
preventing ACL injuries. However, despite the numerous studies available regarding ACL
injuries and preventative protocols, the rate at which ACL injuries occur every year is not
decreasing. The exact injury mechanism of the ACL is overloading the ligament beyond its
acceptable load threshold. However, different biomechanical and neuromuscular factors can lead
to this overloading of the ACL, thus causing injury.
Non-contact ACL injuries occur most often during the landing phase from a jump or
during the stance phase during movements that involve quick decelerations and change of
directions (i.e. cutting) (140). Most ACL injuries occur within the first 40 ms to 100 ms of the
landing or stance phase (163-167). There are also specific gender differences, such as females
experiencing decreased hip and knee flexion angles, increased knee abduction moment, and
altered muscular activity and recruitment of the lower extremity muscles during landing and
cutting movements compared to males (168-173).
Regardless of gender, the most common lower extremity positioning associated with
ACL injuries is known as medial knee collapse in both landing and cutting movements. Medial
knee collapse occurs when there is a combination of increased hip internal rotation, knee
abduction, and knee internal rotation concomitate with increased internal knee adduction
moment, with the knee joint between 0° to 30° of knee flexion (8, 111, 114, 157, 174). This
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disadvantageous combination of joint positioning causes the knee joint to forcefully collapse
inward to the midline side of the body. While this medial knee collapse is common in both
landing and cutting movements, there are other biomechanical factors associated with ACL
injury during these two movements.
Landing Mechanics and ACL Injuries
Landing is an extremely common athletic movement, occurring in sports such as
basketball, volleyball, football, and soccer. During landing, common injury risk mechanisms are
medial knee collapse, increased joint stiffness and stiff landings, large vertical ground reaction
forces, and foot placement during the landing phase (51, 157, 175-179). Many of the same injury
mechanics profiles (i.e. decreased knee flexion angle, increased knee abduction angle, increased
knee adduction moment) are observed in both bilateral and unilateral landings (157, 173, 180).
However, unilateral landings are considered to be more dangerous than bilateral landings due to
the decreased base of support and increased demand of the lower extremity musculature to
absorb the impact of a unilateral landing (180). During video analyses of athletes who sustained
an ACL injury, unilateral landings with medial knee collapse concomitant with a strong
contraction of the rectus femoris was associated with more ACL injuries than bilateral landings
(114, 181). Gender differences also exist between males and females during both bilateral and
unilateral landings (173, 180, 182-185). These differences are typically similar between both
types of landings.
In a comparing gender differences during landings, females have demonstrated having a
more erect posture through decreased knee flexion (females: 22.8 ± 8.0°; males: 30.0 ± 7.7°; p <
0.05) at initial contact of the landing phase from a drop vertical landing (183). Other studies have
supported these findings of decreased knee flexion in females (186, 187). However, several
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studies have shown that there is no difference in knee flexion angle between males and females
during bilateral landings (179, 182, 188). One potential cause of the inconsistency between
studies is jump height. Previous research has shown in unilateral landings that males and females
respond differently between various jump heights (189). Since the previously mentioned studies
occurred at different jump heights, it appears that jump height is a cofounding factor when
comparing lower extremity mechanics between males and females (189).
Females have been shown to land with increased knee abduction angles and increased
knee adduction moments compared to males (182, 183, 190, 191). In a prospective study, Hewett
et al. (8) found that nine females who experienced high knee abduction angles and high knee
adduction moments during bilateral drop vertical jumps went on to sustain an ACL injury. These
females had 8.4° higher initial contact knee abduction and 7.6° higher peak knee abduction
angles compared to uninjured females (8). The injured females also had greater peak knee
adduction angles (-45.3 ± 28.5 Nm) compared to the uninjured females (-18.4 ± 15.6 Nm) (8).
To this date, knee adduction moment is the only confirmed predictor of ACL injury risk.
Research supports that a combination of altered sagittal and frontal plane mechanics
during landings influence injury risk. Pollard et al. (192) studied 58 female soccer players while
performing a drop landing task. The females were separated into a “low flexion” and a “high
flexion” group. Females in the low flexion group landed with 14° less knee flexion and 23° less
of hip flexion compared to the high flexion group (192). The low flexion group exhibited knee
adduction moments 2.2 times higher than the high flexion group and had greater knee abduction
angles compared to high flexion females (192). The low flexion group also demonstrated
decreased energy absorption at the hip and knee, as well as a 35% increase in vastus lateralis
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muscle activation (192). This study showed that decreases in sagittal plane mechanics negatively
affected frontal plane mechanics.
Laughlin et al. (51) explored the effects of soft versus stiff unilateral landings. A soft
landing was characterized as increased hip and knee joint flexion, while a stiff landing had
decreased hip and knee joint flexion. At peak ACL force, hip (stiff: 22.2 ± 7.0°; soft: 29.6 ± 7.5°;
p < 0.01) and knee (stiff: 13.9 ± 3.2°; soft: 18.0 ± 3.4°; p < 0.01) flexion angles were
significantly less in the stiff versus soft landings (51). Vertical ground reaction force was also
larger in the stiff landings (0.70 ± 0.18 BW) compared to the soft landings (0.58 ± 0.24 BW; p =
0.04) (51). As such, peak ACL force was higher during stiff landing (0.80 ± 0.19 BW) compared
to soft landings (0.71 ± 0.28 BW; p = 0.05). The authors concluded that a softer landing resulted
in increased knee flexion angle, thus increasing hamstring shear force, which allowed for the
posterior pull on the tibia to help unload the ACL during landing (51). Decreased knee flexion
during stiff landings may minimize this protective mechanism against ACL injuries. Podraza et
al. (193) supported this research by showing in male athletes that landing with decreased knee
flexion angle increased vertical GRFs experienced during landing, thus increasing risk of injury.
For both genders, the knee has been shown to be the primary absorber of impact during
landing (183, 194). However, studies report that females have altered lower extremity energy
absorption in all three joints compared to males (183, 192). Decker et al. (183) reported that
females utilize their plantarflexors more for impact attenuation during landing, compared to
males who utilized their hip extensors. Therefore, it is plausible that when females land with a
more erect posture with increased frontal plane movement while using their ankle musculature
for impact attenuation, it may put the hamstrings at a disadvantageous position to counteract the
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pull of the quadriceps on the tibia, thus increasing risk of ACL injury (182, 183). However, as
stated previously, unilateral landings are considered more high-risk than bilateral landings.
Foot position during bilateral landings have been theorized to influence ACL injury risk.
Cortes et al. (179) examined the effects of sagittal plane foot position (forefoot, rear foot, and
preferred) on hip and knee kinematics in men and women. While they found no sex effect with
landing, their results stated that forefoot landing significantly decreased initial contact hip
flexion, while rearfoot landing significantly decreased knee flexion angle at peak vertical ground
reaction force. They also found that a self-preferred and forefoot landing positions resulted in
greater knee adduction angles than rearfoot landing, thus influencing ACL injury risk (179). Foot
position in the transverse (i.e. toe-in, toe-out) also affects knee mechanics during landing. Padua
(195) concluded that landing with greater than 30° of toe-in or toe-out was a high-risk landing
position. Previous research supports this conclusion showing that landing with excessive toe-in
FPA increases peak hip adduction, knee abduction, and knee internal rotation angles and
moments, as well as decreases hip flexion angle (177, 196). Currently, it is unknown how foot
position will affect lower extremity mechanics during unilateral landings. However, it could be
hypothesized the effects would be similar to those of bilateral landings.
Through the work of unilateral landings, it has been observed that neuromuscular control
is of upmost importance during landing to control knee stability. The quadriceps and the
hamstrings are the two primary lower extremity muscles associated with ACL loading. As the
quadriceps contract, they pull the tibia anteriorly, thus increasing the loading on the ACL. The
hamstrings act to offset and reduce the loading on the ACL by pulling the tibia posteriorly when
contracted. The coactivation between these two large muscle groups contribute to the stability of
the knee joint (115, 126). Lloyd et al. (197) stated the best activation pattern for stabilizing the
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knee joint was when the quadriceps or hamstrings generated flexion or extension moments. They
also reported the second most effective way to stabilize the knee joint was through proper
coactivation of the quadriceps and the hamstrings (197). When the coactivation between these
two muscles are not in sync (i.e. excessive quadriceps activation or insufficient hamstring
activation), the likelier increased anterior tibial shear force and increased knee abduction angle
will occur (198).
Because ACL injuries during landing happen in such a small amount of time, muscle preactivation prior to landing is necessary for proper knee stability. Interestingly, it has been shown
that females display less activation in the vastus medialis and medial hamstrings compared to the
vastus lateralis and biceps femoris (199). Palmieri-Smith et al. (200) concluded that less preactivation of the vastus medialis and medial hamstrings and more pre-activation of the vastus
lateralis and biceps femoris prior to landing was associated with larger knee abduction angles.
Palmieri-Smith et al. (201) extended this research to observe gender differences in quadricepshamstring coactivation between males and females. They reported that females had decreased
coactivation between the quadriceps and hamstrings compared to males, suggesting females had
less neuromuscular control and increasing knee instability upon landing (201). Other studies
have corroborated these findings and have also shown that females have greater pre-activation of
the rectus femoris (202), which increases anterior tibial shear force, a known indicator of ACL
load (203).
Not only are the quadriceps and hamstrings critical for knee stability, but other muscles,
such as the hip abductors, gastrocnemius, and soleus have shown to be influential during landing
(52, 185, 193, 204). Podraza et al. (193) provided evidence to show the soleus had great potential
in stabilizing the knee joint during landing. During the landing phase, the soleus produced
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sizable muscle moments. This in combination of its orientation on the tibia results in a posterior
pull of the tibia, thus assisting the hamstrings in unloading the ACL. Hip abductors, such as the
gluteus medius, may help transfer forces from the lower extremity through the trunk during
landing (194, 205). While there was no gender difference reported, gluteus medius muscle
activity increased in both males and females during unilateral landings (185). Russell et al. (185)
hypothesized this increase in gluteus medius activity was most likely a response to the hips
trying to stabilize the trunk and pelvis during landing, thus avoiding medial knee collapse.
Therefore, it is likely if hip musculature is weak, it could potentially lead to a more unstable leg
during landing, which would be detrimental to the ACL. Overall, the ability to properly preactivate lower extremity musculature potentially decreases the likelihood of landing in a highrisk position. It can also reduce the strain on the ACL, thus decreasing risk of injury (206).
Cutting Mechanics and ACL Injuries
As stated previously, landing is one of the high-risk athletic movements that can lead to
ACL injury. However, cutting and change of direction movements are also detrimental to ACL
injuries. Many of the same injury profiles exist between landing in cutting. Both movements can
lead to increased knee abduction angle, increased knee adduction moment, as well as decreased
knee flexion angle and increased knee extension moment. However, landing and cutting tasks
can lead to different demands on the lower extremities, thus causing ACL injuries in different
ways (207-209). Therefore, it is important to understand how ACL injuries can occur during
cutting movements.
Cutting is a unique movement in that it has distinct phases within the stance phase. With
landing, a person lands and either stays planted on the ground, or they land and have a
subsequent jump after foot contact with the ground. With cutting, the body must always be
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prepared to make a change of direction after the stance phase of the plant foot. At the initiation
of the stance phase, the body must decelerate to prepare for the cut. Once the body has
decelerated, the body will then redirect itself depending on which direction it has to move.
Finally, after the planting and redirecting of the body, the body must accelerate itself forward in
the new running direction (155). Studies show that risk of injury was highest during the early
stage of the deceleration phase (~57 ms) (165, 210, 211). This time to injury is also very
comparable to the time range that ACL injuries occur during landing tasks.
Injury risk can be different depending on what phase of the cutting movement is
examined. Throughout the whole stance phase of a cutting movement, the knee experiences
flexion, abduction, and internal rotation (5). This positioning may allow for the knee to become
highly unstable and allows for the tibia to move more freely in the anterior direction. This theory
is supported by the findings of Peel et al. (212) who found that females experience both
increased knee adduction moment and increased anterior tibial shear force during unanticipated
45° cuts.
Not surprisingly, females exhibit greater knee adduction moments compared to males
during cutting tasks (213, 214). Sigward and Powers (214) found that females demonstrated knee
adduction moments that were two times greater than their male counterparts. Sigward and
Powers (215) found that females who had higher knee adduction moments are related to greater
laterally directed GRFs during the early stage of deceleration. Inconsistent findings exist
regarding gender differences in knee abduction angles during cutting. McLean et al. (216) and
Malinzak et al. (217) both reported that females have greater knee abduction angles compared to
males. However, Pollard et al. (218) reported no differences in knee joint kinematics. These
differences could be simply due to the high variation found in both frontal and transverse plane

31

mechanics as well as differences in methodology. Females also exhibit greater hip internal
rotation, decreased hip flexion, and increased knee extension and decreased knee flexion
moments, as well as decreased hip extension moments compared to their male counterparts (168,
214, 217, 219). These kinematic and kinetic differences found in females help explain why
females have an increased risk of ACL injuries.
Xie et al. (211) studied the three specific phases during cutting in female basketball
players. During the decelerating phase, the body’s center of mass moves laterally. This in turn
causes the knee to go into abduction and flexion. It was shown that knee abduction angles were
larger during the deceleration phase compared to the redirection phase (211). During the
deceleration phase, the hamstrings to quadriceps co-contraction ration was also lower compared
to the redirection phase (211). The authors concluded that the low hamstring activity during the
deceleration phase may minimize the hamstrings ability to counteract the quadriceps anterior pull
on the tibia, thus increasing risk of injury (211). Other studies also confirm that females have
greater quadriceps and less hamstrings activity compared to males (172, 217). This disproportion
of hamstrings to quadriceps muscle activity is similar to that seen in landing tasks. However,
little is known how other muscles, such as the hip abductors, gastrocnemius, and soleus influence
ACL injury risk during cutting tasks.
As stated previously, approximately 70% of ACL injuries are considered non-contact.
Most of these non-contact injuries occur during athletic movements that involve landing and
cutting. Gender differences clearly exist in both landing and cutting tasks, with females at a
much higher risk of injury due to risker lower extremity mechanics during landing and cutting
compared to males. While they are two completely different tasks that load the body differently,
similar injury-causing mechanics are seen in both landing and cutting, such as decreased knee
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flexion and increased knee abduction angles, increased knee adduction moment, and lower
hamstring to quadriceps co-contractions. It is quite evident that neuromuscular control is
important in decreasing injury prevalence. While evidence has shown that the quadriceps and
hamstrings are critical muscles to ACL injury, less is known about how other lower extremity
musculature, both spanning and non-spanning of the knee joint, affect ACL injury. While it is
known lower extremity musculature influences ACL injury, it is currently not known to what
extent each muscle contributes to the loads experienced on the ACL. Knowing these individual
muscles contributes to ACL loading could offer valuable information in injury prevention and
rehabilitation protocols.
ACL Reconstruction
When the ACL is injured, ACL-R is often required due to the ACL’s inadequate
biological healing process. Approximately 100,000 to 150,000 of all ACL injuries occurring
each year will undergo a reconstructive surgery (13). The cost for ACL-R and subsequent
physical therapy exceeds $2 billion annually (14-16). The primary goal of conducting an ACL-R
is to return individuals back to an active lifestyle by regain stability after an ACL injury (17).
Specifically in athletes, ACL-R is often necessary in sports that require multidirectional
movements (i.e. cutting) (220). However, a secondary goal that can be considered is to decrease
the risk of developing knee osteoarthritis as approximately 50% of individuals with an ACL
injury will develop knee osteoarthritis (221, 222).
Because the primary goal of ACL-R is to return individuals as close as possible to their
pre-injured state, numerous studies have been conducted on ACL-Rs and its effect on athletes
and athletic performance. A recent systematic review/meta-analysis showed that 83% of athletes
return to sport within 6 to 13 months after ACL-R, indicating that ACL-R does a good job of
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accomplishing the primary goal of return to play (32). However, while ACL-R returns most
athletes back to play, kinematic and kinetic changes to the reconstructed knee still exist
compared to the contralateral knee or control knees. These changes include decreased hamstring
strength, anterior knee pain, loss of proprioception, and altered coordinative variability of the
knee joint (18-25). These altered mechanics are responsible for the 17% of athletes who do not
return to play and why 10% to 30% of athletes who do return to play will sustain a second ACL
injury after an ACL-R (26-30). To understand this phenomenon, it is important to briefly discuss
surgical interventions used in ACL-R and how they may play a role in these return to play
statistics.
ACL Reconstruction Operative Techniques and Grafts
Operative Techniques
There are two types of operative techniques used in ACL-R: single bundle and double
bundle ACL-R. Single bundle ACL-R refers to reconstructing only the AM bundle of the ACL,
while double bundle ACL-R reconstructs both the AM and the PL bundles. The single bundle
ACL-R has been the gold standard for many years. However, cadaveric studies have shown that
the double bundle ACL-R may provide better anterior and rotational stability compared to the
single bundle because the reconstruction better reflects the native ACL anatomy better by using
two separate grafts compared to the single bundle (223, 224). Thus, it appears that the double
bundle technique is often used more in athletic populations, while the single bundle is more
commonly used in sedentary groups. However, the double bundle ACL-R often comes with a
more complicated and invasive surgery with longer operational time and higher financial costs.
Systematic reviews and meta-analyses have also shown that while double bundle provides better
knee stability than single bundle, clinical outcomes and risk of failure are approximately the
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same between the two operative techniques (225, 226). Unfortunately, while the clinical
outcomes between the double and single bundle techniques are similar, neither technique restores
knee kinematics back to its preoperative state (227).
ACL Graft Types
There are three main categories of grafts that can be used in ACL-R: 1) autograft, 2)
allograft, and 3) synthetic graft. Autografts (using a graft from one’s own body) are more
commonly used than allograft (using a cadaver graft) or synthetic graft as it has less chance of
rejection from the body, better long-term graft strength, and is readily available. The two most
commonly used autografts in ACL-R are bone-patellar tendon-bone (BTB) and the four-strand
hamstring tendon (ST-G) (228, 229). The BTB utilizes the central third of the patellar tendon and
includes a bone plug at both endpoints from the patella and the tibia, respectively. The ST-G
consists of a combination of the semitendinosus and gracilis tendons.
Most research supports that there is no real difference in functional outcomes when
comparing the two grafts to each other (230-235). Abdalla et al. (230) used 30 individuals with
BTB and 33 individuals with ST-G to show that those who received the BTB had a greater
extension torque deficit, and those that had the ST-G had a greater flexion torque deficit. Feller
and Webster (236) support these findings and reveal that the extension torque deficit observed in
the BTB group only existed 4 to 8 months postoperative, while the flexion torque deficit in the
ST-G was only present in 8 to 24 months postoperative. These studies indicate that while there
may be kinematic and kinetic differences between the two graft types, they only exist short-term,
not long-term. Stanczak et al. (237) corroborated these data by following 96 individuals (48
BTB, 48 ST-G) for 12 years and showed as early as 1 year postoperative that both groups had
comparable improvement with their functional results.
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ACL Graft Failure Rates
Graft failure rates between the two autografts have mixed results within the literature. A
previous cadaveric study reported the ST-G graft had a load resistance of 4500 N before failure,
while the BTB had 2646 N and the intact ACL had 1725 N load resistance, respectively,
therefore suggesting the ST-G graft may be more resistant to failure compared to the BTB (238).
Contrary, Konrath et al. (19) stated that because the BTB graft has a high tensile strength, it has
been considered the “gold standard” in ACL graft type. Laboute et al. (239) showed in a
population of 955 athletes who had ACL-R (713 ST-G graft, 242 BTB graft), the ST-G graft had
a failure rate of 6.5%, while the BTB had a 2.1% failure rate. Graft failure rate and graft laxity
have been correlated to one another (240). There has also been research to support that ST-G
grafts are more prone to failure due to increased laxity in the ST-G ligament and lack of bone
plug reinforcement compared to the BTB (241, 242). It is important to note that while Laboute et
al. (239) reported a significantly higher rate of ST-G graft failure, the number of individuals who
had a ST-G was much higher than the number who had BTB, naturally skewing any results
found. Conversely, many meta-analyses have reported little to no difference in graft failure rate
in large sample sizes (233, 235, 243, 244).
Therefore, it appears the risk of failure is not significantly large when choosing one graft
over another. However, it is important to note that there are disadvantages associated with both
grafts. For example, BTB has been associated with increased patellar fractures, anterior knee
pain, patellar tendon ruptures, and increased risk of knee osteoarthritis (240, 245-247).
Regardless, choosing an operative technique and graft type must be made on a patient to patient
basis that best fits the patient goals, whether that be return to full athletic movements or improve
daily quality of life. It is important to note that while there may be no difference in functional
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outcomes or failure rates between the two grafts, altered knee mechanics still exist when
comparing an ACL-R using either graft to a healthy population.
ACL Reconstruction and Altered Knee Mechanics
Several studies have shown that a subsequent ACL injury after a primary ACL-R occurs
in high frequency (27, 240, 248, 249). The risk of a second ACL injury is between 6% to 26% on
the ipsilateral limb (operative side), while it is 2% to 20.5% on the contralateral (non-operative
side) limb (27, 240, 249). The risk for a second ACL injury, however, appears to be highest
during the first two years post ACL-R (2). Unfortunately, athletes are typically at the highest risk
of experiencing a second ACL injury. Approximately 1 in 17 athletes with sustain a reinjury after
a primary ACL-R within the first two years post ACL-R (248). This number decreases to 1 in 8.3
athletes 5 years post ACL-R (27). Reinjury after return to sport is likely multifactorial, with
factors including increased asymmetry between the ACL-R leg and uninvolved leg and
decreased subjective knee function.
Because of the high rate of reinjury exists after ACL-R, a great emphasis has been
placed on investigating the changes in lower extremity mechanics before and after ACL-R.
Research has shown that altered lower extremity mechanics can exist in ACL-R patients up to 7
years post ACL-R (69, 250). These altered lower extremity mechanics include both
biomechanical and neuromuscular differences. Since athletes typically return to sports that
involve various landing and cutting tasks, many studies have used these tasks to observe the
mechanical differences between ACL-R and healthy controls (23, 69, 251, 252).
During unilateral landing tasks, ACL-R individuals generally exhibit increased hip
adduction and internal rotation, decreased knee flexion and increased knee abduction, and
increased ankle plantarflexion angles in the ACL-R leg compared to the uninvolved leg (60-63).
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Deneweth et al. (253) confirmed through the use of biplane radiography that ACL-R knees
demonstrated greater knee extension, external tibial rotation, and remained more anteriorly
displaced throughout the landing phase of a single-leg hop test. These are comparable to the
altered kinematics seen in bilateral landings (59). Meyer et al. (59) showed that the ACL-R leg
during a bilateral landing had decreased peak knee flexion angle, decreased peak knee flexion
moment, and increased peak knee abduction moment compared to the uninvolved limb. In both
unilateral and bilateral landings, decreased power absorption by the knee joint was also observed
and was compensated for by greater power absorption by the ankle (59, 254). Decker et al. (60)
also reported comparable findings in that those with ACL-R performed 37% more ankle
plantarflexor work and 39% less hip work during vertical drop landings. These abnormal landing
joint kinematics are seen as early as 6 months post ACL-R, and are consistent between various
unilateral and bilateral landing tasks (59, 61-63).
These alterations in ACL-R kinematics during landings may indicate that those with
ACL-R land in a stiffer position compared to the uninvolved limb or healthy controls, which in
turn may increase ACL loading and lead to a second ACL injury (51). This stiffened ACL-R
landing hypothesis is also supported by EMG activity of the surrounding muscles of the knee
joint. Gokeler et al. (62) saw that ACL-R legs had earlier EMG onset times of the gluteus
maximus, biceps femoris, semitendinosus, semimembranosus, vastus lateralis, rectus femoris,
medial gastrocnemius, lateral gastrocnemius, and soleus compared to the uninvolved limb. This
possibly indicates that the ACL-R leg demonstrates an alternate landing strategy to stiffen the leg
prior to landing in an effort to increase stability upon impact (62). Decker et al. (60) repeated
these sentiments and stated that ACL-R individuals landed with a more erect posture, thus
landing stiffer compared to controls. They also showed ACL-R individuals reached peak vertical

38

GRF slower than healthy individuals. This would suggest ACL-R individuals land in such a way
to reduce the loading on their operative leg. However, Decker et al. (60) stated this reduction in
loading could be used by individuals who had a ST-G graft during ACL-R, therefore these
individuals may be avoiding loading the hamstrings.
During sidestep cutting, it has been reported that ACL-R knees exhibit increased hip
flexion and knee abduction angles, as well as decreased hip extension moment, increased knee
adduction moment, and increased knee internal rotation moments (69-71, 255). A case study of a
single female athlete 27 months post ACL-R also reported having increased hip flexion, knee
extension, and ankle dorsiflexion angles and increased hip internal rotation, knee adduction, and
knee external rotation moments (71). Stearns et al. (69) concluded that females with an ACL-R
had 3.8° of knee abduction angle compared to the 1.8° of knee abduction angle for the control
group. They also showed that the ACL-R experienced higher peak knee adduction moments
(1.33 Nm/kg) compared to controls (0.8 Nm/kg) (69).
Surprisingly, it seems that many studies report little to no significant differences in joint
kinematics in the ACL-R leg during both landing and cutting tasks (70, 255, 256). Increases in
knee abduction and internal rotation moments have been observed in ACL-R during cutting (70)
(255). Further, Ortiz et al. (256) reported only decreases in anterior-posterior shear force and
increases in gluteus maximus and rectus femoris muscle activity during drop jumps. This would
suggest that most ACL-R individuals are able to return to sport and have comparable joint
kinematics to healthy athletes. However, the changes in joint kinetics, especially of that in the
frontal and transverse plane, could contribute to the high risk of reinjury during cutting and
landing tasks.
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Joint coordination and variability measurements show the capacity an individual has in
choosing an optimal motor strategy that best fits the situation or task at hand (257). The larger
number of motor strategies an individual has to choose from, the more flexible they are in
adapting to new conditions and environments, thus increasing stability and decreasing risk of
injury (257, 258). Too much or too little coordinative variability outside of the body’s “optimal
range” increases risk of injury (259-261). Since the ACL is an important proprioceptive tissue in
the knee joint, surgical intervention can disrupt joint coordinative variability, thus not allowing
individuals to return to their preinjury state (24). As such, coordinative variability differences
have been observed during gait, single leg jumps, and sidestep cutting tasks between healthy and
ACL-R individuals (23-25, 258, 262-265).
Interestingly, through the work of these coordinative variability studies, it has been
shown that ACL-R individuals exhibit increases in variability between the hip/knee and
knee/ankle joint couplings (23-25). Because the knee is in the middle of the lower extremity
kinetic chain, any disruptions in the stability of the knee will affect energy transfer to the hip and
ankle (266). Not only do all three joints display alternated variability, but the highest levels of
variability existed in the coupling motions associated with medial knee collapse during cutting
and single leg landing tasks (23). These coupling motions include increases in hip rotation/knee
abduction-adduction, hip flexion-extension/knee abduction-adduction, knee abductionadduction/knee flexion-extension, and knee abduction-adduction/knee rotation (23, 25).
It is hypothesized that these differences in coordinative variability are adaptations learned
early in the rehabilitation process to avoid knee pain of the ACL-R knee (24). However,
evidence suggests these learned adaptations are not short-term adaptations, but ones that
potentially last a lifetime. Srinivasan et al. (25) observed variability in 33 unilateral ACL-R
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individuals approximately 23 years after their initial surgery. After performing one-legged hops,
they concluded they concluded that compared to healthy controls, ACL-R individuals displayed
approximately 50% higher knee abduction-adduction/hip internal-external rotation variability
during the take-off phase (25). They also had approximately 33% higher knee abductionadduction/knee flexion-extension as well as greater knee abduction-adduction/hip flexionextension variability during the landing phase (25). As a collective group, the aforementioned
studies all show that ACL-R individuals have increased variability compared to healthy controls.
While healthy individuals tend stay within an “optimal variability range”, ACL-R individuals
overshoot and go beyond this optimal variability range, thus signifying a loss of optimal joint
control (25). Increased variability is thought to be associated with ACL injury because it allows
for increased loads to be placed on the knee inappropriately (101, 267).
While there may not be many differences reported in joint kinematics before and after
ACL-R, changes in kinetics do exist. Differences in neuromuscular control and muscle activity
are most likely responsible for these kinetic variances seen in ACL-R individuals. Female
athletes are four times more likely to experience a reinjury of the ACL compared to their male
counterparts (31). It is plausible that understanding how alterations in neuromuscular control
after ACL-R could shed light as to why these high reinjury rates exist.
Both alterations in quadriceps and hamstrings muscle activity have been shown to exist
after ACL-R, and may persist years after athletes are cleared to return to sport (19, 251, 268273). Evidence suggests quadriceps strength deficits of the ACL-R leg range from 5% to 40%
and have been seen to last as long as seven years after the initial operation (274-277).
Hamstrings strength deficits have been observed ranging from 9% to 27% and have been
observed in athletes as long as 10 years post ACL-R (268, 274, 277, 278). Currently it is still not
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well known why these deficits exist long-term after ACL-R. However, it is hypothesized that the
mechanism of these deficits is different for quadriceps weakness compared to hamstrings
weakness.
Research has shown that after ACL-R, deficits exist in quadriceps strength, activation,
cortical drive, and alterations in quadriceps motor unit recruitment (276, 279-282). It has been
hypothesized that after ACL-R, there is a loss proprioception due to reductions in afferent
feedback from the ACL (101, 283). These decreases in feedback would then result in a decline in
motor neuron activation, thus making it harder to recruit high-threshold motor units (284). The
inability to recruit high-threshold motor units thus leads to the deficits in quadriceps strength
seen after ACL-R (276). Kuenze et al. (269) reported that reductions in quadriceps strength,
quadriceps activation, and cortical excitability existed in ACL-R males and females compared to
a healthy control. They also showed these deficits lasted well past the time these athletes
returned to sport, indicating they may influence reinjury risk.
Deficits in hamstrings strength appear to be related to the use of ST-G grafts, which are
harvested from the hamstrings tendons (19, 250, 268). Magnetic resonance imaging and
ultrasound both support that regrowth of the semitendinosus and gracilis occurs after harvesting
the ST-G graft (285-287). However, a closer look at these studies reveals that regrowth does not
necessarily occur, but that the hamstrings blend into the fascia of the medial gastrocnemius and
proximal tibia (288). Because of this disruption to the insertion site of the semitendinosus and
gracilis, alterations in muscle size and strength has been observed post ACL-R.
Many studies report hamstring atrophy exists post ACL-R, and that this muscle atrophy is
typically a long-term affect (19, 289, 290). This atrophy also appears to affect the ability of the
hamstrings to actively flex the knee. Because the semitendinosus and gracilis play a role in knee
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flexion (291), knee internal rotation, and contributing to adduction moments at the knee joint,
changes in the musculotendon properties of the harvest site contributes to knee flexion and
internal rotation weakness (292-295). Decreases in semitendinosus and gracilis muscle volume
have been moderately correlated (ρ = 0.51) deficits in knee flexion strength (19). Bourne et al.
(268) reported that female Australian Rules Football players with a history of ACL-R had lower
levels of eccentric hamstrings strength in their ACL-R leg compared to the uninvolved limb and
compared to healthy players. All ACL-R players in this study had a ST-G graft during ACL-R.
The ACL-R athletes were 54 N weaker in their ACL-R leg compared to their uninvolved leg, and
46 N weaker compared to healthy players. These results are similar to those found by Timmins et
al. (296) who reported ACL-R male athletes were 43 N weaker in their ACL-R leg compared to
their uninvolved leg.
As stated by Bourne et al. (268), it is currently unclear if neuromuscular alterations are
present in muscles that influence loads placed upon the ACL, such as the gastrocnemius, soleus,
and hip abductors after ACL-R. Interestingly, Konrath et al. (19) reported that the combined
hamstring muscles (i.e. biceps femoris, semitendinosus, and semimembranosus) and the
combined medial knee muscles group (i.e. semitendinosus, semimembranosus, gracilis, vastus
medialis, medial gastrocnemius, and satorius) of the ACL-R leg were 12% and 10% smaller in
volume compared to the uninvolved limb of ACL-R males and females. This would suggest that
other muscles besides the quadriceps and hamstrings are affected by ACL-R and would have
alterations in their strength producing capabilities. This could be a potential link as to how these
muscles contribute to ACL loading after ACL-R and offer new information as to why reinjury
rates after ACL-R are so high. Because deficits in the quadriceps and hamstrings are still present
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after athletes return to sport, understanding how return to play, specifically game fatigue would
be of interest to coaches and clinicians wanting to decrease reinjury rates.
Fatigue
Fatigue Overview
Much debate surrounds the concept that fatigue may be associated with ACL injuries (34,
36, 72, 73, 297). The inconsistencies found between fatigue studies is multifactorial, including
the use of different fatigue protocols, different participant populations, and different athletic
tasks for assessment of biomechanical changes. Fatigue is a very complicated and complex
system. Thus, despite the amount of literature that exists supporting fatigue’s role in ACL
injuries (34-36, 43), it has been difficult to make more than a causal link between fatigue and
increased ACL injury risk due to the high variation of results between studies (298).
Epidemiology studies have reported inconsistent findings regarding ACL injuries and
duration of play in various athletic groups. Two studies evaluating ACL injuries in NBA players
found no significant differences between number of minutes played and injury or in quarter of
the game in which an injury occurred (72, 73). However, it was shown that 40% of injuries did
occur in the fourth quarter of the game (73). It is important to note that player position may be a
cofounding factor in these studies, as different positions may have different fatigue demands
connected to them (73). Contradictory, Hawkins et al. (297) found that the greatest potential for
ACL injuries to occur in professional soccer players was the end of the second half compared to
the end of the first half of a match, which has been supported by other soccer epidemiological
work (299). In order to understand the relationship fatigue may have with ACL injuries, it is
important to first understand what fatigue means.
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Two main types of fatigue exist: psychological fatigue and physical fatigue.
Psychological and physical fatigue coexist and influence one another during athletic
competitions. When an athlete has a great amount of psychological stress, psychological fatigue
starts to increase and the athlete experiences decreases in alertness, reaction time, and decision
making (300, 301). This in turn hinders the athlete in adapting to their ever-changing
environment by failing to make appropriate movement patterns, thus increasing the risk that
injury may occur (302). For the purposes of this literature, fatigue will be defined as a decrease
in the muscles ability to produce force after an exercise bout (303). Muscle fatigue is influenced
by two factors: central fatigue and peripheral fatigue. Simply, central fatigue refers to the
exercise-induced reduction of voluntary muscle activation and peripheral fatigue refers to the
exercise-induced reduction of the force-generating capacities of muscles (304, 305). Central
fatigue factors include altered motor neuron firing rates, decreases in muscle activity, altered
muscle excitability, and inhibition of afferent feedback (306). Peripheral fatigue factors involve
deficits in the excitation-contraction phenomenon due to changes in calcium release or increases
in lactic acid (307). Because fatigue has been theorized to be associated with injuries, several
studies have utilized fatigue protocols in various populations to gain new knowledge in fatigue’s
role in injuries.
Fatigue Protocols
Numerous fatigue protocols exist within the literature. Two main types of fatigue
protocols exist, peripheral and general protocols. Peripheral fatigue protocols can be thought of
as localized fatigue, only targeting specific muscle groups or specific limbs. Typically, the goal
of these protocols is to cause either metabolic changes or muscular damage through repetitive
eccentric contractions, however it is not to change neuromuscular control (298). These protocols
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are usually short in duration, and usually involve isometric or isokinetic protocols to fatigue
specific muscle groups, such as the quadriceps or hamstrings (298). General fatigue protocols are
thought to be whole-body fatigue, with the goals of simulating realistic game like fatigue and
reducing muscular activity (34). These protocols involve completing many rounds of
submaximal activities, such as squatting, vertical jumping, running, agility drills, or a
combination of activities. Termination criteria of a general fatigue protocol involve either
individuals completing the activity until a specific time has been reached, or the individual can
no longer perform the activity properly (298).
A systematic review conducted across 37 fatigue protocol studies the fatigue protocols
used in these studies did not uniformly produce biomechanical or neuromuscular changes that
would alter the risk of ACL injuries (298). The author states that there was a substantial amount
of variation between these fatigue protocols, and therefore could not consistently produce
mechanical changes (298). However, it did appear that general fatigue protocols that included
some sort of reactive task saw decreases in hip and knee flexion, as well as increases in hip
internal rotation and knee abduction angles (34, 36, 308, 309). A reactive task model involves
unanticipated tasks, such as cutting, with the use of some sort of visual stimulus (i.e. directional
computer stimulus). Using a general fatigue protocol that includes a reactive task deems most
appropriate when choosing a fatigue protocol to use as it is the most realistic to a game-like
situation, and it would cause not only muscle fatigue, but mental fatigue as well.
Fatigue and ACL Injuries
It is thought that when an individual becomes fatigued, the fatigued musculature is not
able to absorb energy as well as non-fatigued musculature (33). This in turn leads to decreases in
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neuromuscular control, decreased proprioception of the knee, and altered lower extremity
mechanics, thus potentially overloading the ACL and causing injury (34-39).
Numerous studies have reported adverse changes in sagittal and transverse plane hip
angles (34, 36, 309, 310) and moments (36) as well as sagittal, frontal, and transverse plane knee
angles that reflect those observed during ACL injury, such as decreased hip and knee flexion,
increased knee abduction, and increased hip and knee internal rotation angles (34-37, 163, 309311). Gleeson et al. (311) saw decreases in both knee extension and flexion torques post-fatigue.
However, there was a larger decrease in the flexion torque compared to the extension torque,
indicating the hamstrings were most affected by fatigue compared to the quadriceps (311). It was
also observed that a 44% increase in anterior tibiofemoral displacement existed after the
fatiguing protocol (311). The authors stated this could potentially be due to the viscoelastic
properties of the ACL and that over periods of repetitive stress could impair integrity of the
ligament (311). Borotikar et al. (34) and McLean et al. (36) both reported a 3.6° and 3.8°
increase in knee abduction angle, post-fatigue, respectively, while Cortes et al. (308) and Lucci
et al. (309) observed a 3.0° and 3.2° decrease in knee flexion angle, respectively. While these
changes are statistically significant, most of these mechanical changes are small and within a
couple of degrees or Newton-meters from one another. Currently, it is unclear if these small
changes in magnitude are clinically relevant.
Interestingly, some of the observed mechanical differences are not consistent between
fatigue studies. For example, increased and decreased knee flexion has been reported post
fatigue. Xia et al. (310) and Kernozek et al. (163) both found increases in knee flexion angle
post-fatigue during a drop landing task, while Chappell et al. (37) reported decreases in knee
flexion angle post-fatigue during stop-jump tasks. Xia et al. (310) stated that it was plausible that
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since both they and Kernozek et al. (163) used anticipated drop landings, the body’s
predetermined motor program may help adjust muscle activity to cope with the impact of landing
after fatigue. Other studies have confirmed that the human body changes its optimal movement
strategy to perform an athletic movement between pre and post fatigue states (312).
Fatigue and ACL Reconstruction
Studies suggest that ACL-R individuals subjected to neuromuscular fatigue have
decreases in performance, quality of movement, and knee stability, increases in anterior tibial
translation, as well as alterations in lower extremity muscular activity, thus putting them at a
high risk of ACL reinjury (46, 47, 65, 66, 313-315). ACL-R individuals already tend to display
strength deficits and altered mechanics while completing athletic movements, therefore these
individuals may be more susceptible to the effects of fatigue (314).
Currently, only landing studies have been utilized to compare the effects that fatigue may
have on ACL-R individuals (46, 47, 64-66, 162, 314). Thomas et al. (66) compared ACL-R to
healthy individuals during dynamic landing task that involved landing from a forward jump and
cutting to the left or right. They reported that quadriceps strength and central activation
decreased post-fatigue for both ACL-R and healthy individuals. Interestingly, the ACL-R group
exhibited decreased knee flexion angle pre and post fatigue compared to the healthy group,
indicating that regardless of fatigue state, ACL-R individuals landed with a stiffer lower
extremity compared to healthy individuals. Both groups also displayed decreases in knee
abduction angle and knee adduction moments post-fatigue compared to the pre-fatigued state.
The authors state that after fatigue, both groups may not have been cutting as hard as they did
before the fatigue protocol, thus allowing for a more neutral frontal plane alignment of the lower
extremities (66). However, it is important to note the fatigue protocol in this study primarily

48

targeted the main sagittal plane muscles (i.e. quadriceps, hamstrings, and gluteus maximus).
Therefore, frontal and transverse plane mechanics may not have been affected to a great degree
due to lack of fatigue in frontal and transverse plane muscles. Other studies have shown altered
kinematics in ACL-R individuals post-fatigue, such as increased peak trunk flexion, decreased
initial contact hip flexion angle, and increased hip flexion displacement (46, 314).
Muscle strength and activity have been observed to change pre and post fatigue in ACLR individuals. Thomas et al. (66) found a 22% decrease in quadriceps strength after fatigue in
ACL-R individuals compared to healthy individuals. Despite this decrease, the ACL-R group
showed similar kinematics pre and post-fatigue, leading the authors to believe potentially the
ACL-R group was relying on their uninvolved limb more during the fatigue protocol than the
ACL-R limb (66). Other studies have shown differences in muscle activity pre and post-fatigue
in ACL-R individuals during landing. It has been observed that after fatigue, there was increased
activation of vastus lateralis, biceps femoris, and gluteus maximus compared to healthy
individuals (314). This increased activation of the biceps femoris and gluteus maximus was
theorized to be an altered landing strategy to reduce loading on the ACL post-fatigue (314). The
medial hamstrings, lateral hamstrings, and vastus lateralis of ACL-R individuals have also been
shown to activate earlier post-fatigue compared to healthy individuals (65). This would indicate
that ACL-R individuals, either consciously or unconsciously, relied on earlier muscle preactivation to increase knee joint stability when landing in a fatigued state (65).
Conversely to these studies, two research groups showed little to no difference in ACL-R
individuals landing mechanics compared to a healthy group after a fatiguing protocol (64, 162).
Webster et al. (162) found that ACL-R limbs did not respond different compared to the
uninvolved limb or to a healthy control, suggesting that fatigue does not influence landing
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mechanics differently between these groups. Lepley et al. (64) also reported that quadriceps to
hamstrings co-contraction levels were not different between ACL-R and healthy individuals
post-fatigue, suggesting that ACL-R individuals are capable of using similar muscle activation
levels during landing regardless of fatigue. However, both studies suggest that methodological
differences may have been the primary factor influencing these results compared to other studies
(64, 162).
Very few studies have observed the interaction of gender and fatigue when comparing
ACL-R individuals to healthy controls. Lessi et al. (47) found that females had a greater peak
knee abduction angle in the ACL-R limb post-fatigue compared to both their pre-fatigued state as
well as males with an ACL-R. The authors suggested that based on the findings of a previous
study, ACL-R females may be more sensitive to the effects of fatigue compared to healthy
females, who have shown no significant differences in knee abduction angle during landing (41,
47). They also found that males had greater vastus lateralis muscle activation post-fatigue in the
ACL-R limb compared to females (47). Another interesting finding is ACL-R females were
found to have an increase in center of pressure sway speed after fatigue, indicating a decrease in
postural control (46), which may predict their risk of experiencing a second ACL injury (26).
Fatigue and Neuromuscular Control
Fatigue and its relationship to neuromuscular control has been vastly studied, as muscle
fatigue has been shown to create deficits in neuromuscular control (16, 34, 36). However,
neuromuscular control is a modifiable factor, thus by training effectively, the decline of
neuromuscular control can be slowed (16). Even though it is trainable, the loss of neuromuscular
control due to fatigue cannot ever be fully avoided. As such, it is important to understand how
fatigue causes these deficits in neuromuscular control and ultimately increase risk of injury.
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Adverse variations in knee joint proprioception due to muscular fatigue have been
reported by several studies (316-320). Skinner et al. (318) was one of the first to report that after
fatigue, decreased efficiency of the muscle spindles to detect changes in muscle length, which in
turn decreases the body’s ability to accurately detect knee joint position. Interestingly, local
fatigue and general fatigue have different mechanisms of altering knee proprioception. However,
only general fatigue was shown to have a significant effect on knee proprioception (316). Miura
et al. (316) saw that general fatigue decreased knee proprioception without significant deficits in
peak knee extensor torque (prefatigued: 80.5 ± 11.5 %BW; general fatigue: 80.8 ± 14.4 %BW)
and peak knee flexor torque (prefatigued: 46.1 ± 9.0 %BW; general fatigue: 43.0 ± 10.4 %BW),
indicating that changes in the proprioception pathway does influences changes in the muscle
mechanoreceptors (i.e. muscle spindles). This is further supported by Ribeiro et al. (319) who
reported that changes in knee proprioception is not muscle dependent. The changes in knee
proprioception independent of changes in muscle strength leads to the conclusion that
proprioceptive changes are caused by central fatigue. Central fatigue may diminish motor
control, thus altering the body’s ability to stabilize the knee appropriately during activities such
as landing and cutting, thus causing an ACL injury (316). Even though central fatigue may
decrease motor control, the central nervous system does prompt the body to adjust and adapt to
its new fatigued state in an effort to protect it from injury.
The central nervous system has the ability to change global inter-limb coordination
following fatigue in order to maintain optimal performance (321). This can be achieved by either
by reorganizing movement patterns of individual degrees of freedoms (i.e. muscles, joints), or by
utilizing new movement patterns with new degrees of freedom (322-324). The changes in
kinematics and kinetics are often small in magnitude between pre-fatigue and post-fatigue states.
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Thus, it has been hypothesized that movement pattern reorganization may be the net sum of
several small changes to many different degrees of freedom within the body (322, 323). Another
interesting phenomenon that occurs after fatigue is that there is an increase in movement of
different joints that are not typically involved in creating specific movements, such as increased
trunk motion when the arms reach fatigue (323, 325). Cowley et al. (325) reported that an
increase of inter-joint coordination is observed after fatigue, indicating that individuals adopt a
new movement pattern to adapt to their newly fatigued state. These new post-fatigue movement
patterns can be compared to that of movement patterns seen in individuals learning a new task
(325). All these factors regarding changes in inter-joint coordination and adoption of new
movement patterns could offer insight in the relationship between fatigue and ACL injuries.
One example of observing the organization of new movement patterns is through joint
coordination and variability. As discussed previously, increases or decreases in variability
beyond the body’s “optimal variability” range will open up the individual to increased risk of
injury (259-261). Few studies have described fatigue’s relationship with joint coordinative
variability during athletic movements like landing and cutting (326, 327). Understanding how
fatigue affects joint coordinative variability gives insight to how the body reorganizes movement
patterns or adopts new movement patterns to adapt to its new fatigued state. During a sidestep
cutting task, Samaan et al. (326) reported lower extremity joint couplings after an isolated
hamstring fatigue protocol. They found significant decreases in hip rotation/knee rotation during
the initial contact and the weight acceptance phases, as well as decreases in hip adductionabduction/knee rotation during just the weight acceptance phase (326). Decreases in the joint
coordinative variability indicate that these individuals demonstrated a limited number of
movement patterns they could reorganize, or a decreased ability to adapt new movement
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patterns. This inability to adapt to their newly fatigue state reduced dynamic knee stability during
the cutting task, thus placing them at a greater risk for musculoskeletal injury.
Interestingly, during a more generalized single-leg hopping fatigue protocol, it was
reported that joint coordinative variability actually increased post-fatigue (327). Hip flexionextension/knee flexion-extension, knee flexion-extension/ankle plantarflexion-dorsiflexion, and
knee flexion-extension/ankle inversion-eversion all increased in variability during the loading
phase of the single-leg hop post-fatigue compared to the pre-fatigue testing (327). During
propulsion, Hip flexion-extension/knee flexion-extension and knee flexion-extension/ankle
plantarflexion-dorsiflexion variability increased post-fatigue compared to pre-fatigue (327).
Vertical stiffness did not change between pre and post-fatigue, indicating that the task itself
remained unchanged during the testing session. This is important as it shows that the inter-joint
coordination could change but not affect the overall task performance (327). The authors also
speculated that the ankle could not properly adapt to the newly fatigue state, thus leading to
compensatory changes at the hip and knee (327). When comparing the two studies, Mudie et al.
(327) found increases in joint coordinative variability mostly in the hip and knee sagittal plane,
while Samaan et al. (326) found decreases in joint coordinative variability in the hip and knee
frontal and transverse planes. These differences could be task-specific, as single-leg hopping is
mostly a sagittal plane movement, while sidestep cutting utilizes all three planes. They could also
be attributed to the different fatigue protocols used. One used an overall general fatigue protocol,
while the other used a localized fatigue protocol that only targeting the hamstrings. Therefore,
future research is warranted to grasp better understanding on how fatigue affects inter-joint
coordinative variability.
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The human body can be considered an indeterminate system, meaning that the equations
of motion (i.e. Newton’s Laws of Motion) cannot be solved because there are more unknown
variables (e.g. force) than there are equations of motion. Therefore, there are multiple ways that
the same external movement can occur, such as knee flexion, but have an indefinite number of
combinations of internal muscle forces, joint torques, etc. to cause knee flexion. Mechanical
properties of muscles can be used to help solve these equations, by replacing one unknown
(force) with another unknown (muscle activity). This process does not actually solve the
equations of motion. However, it helps constrain the possible solutions to physiologically
appropriate solutions, meaning these solutions are within the force-length and force-velocity
properties of the muscles (328). As the human body can be efficient in producing new movement
patterns to adapt to a fatigue state, this means that muscle activities are being reorganized to
adapt to these new post-fatigue equations of motion. This could possible indicate that while no
external kinematic changes are observed (i.e. decreased knee flexion angle, increased knee
abduction angle, etc.) internally, muscle activities may drastically change in the muscles that
directly and indirectly load the ACL, such as the quadriceps, hamstrings, gastrocnemius, soleus,
and hip abductors. As such, the use of musculoskeletal modeling could open a new realm of
ACL injury research and its relationship to fatigue.
Musculoskeletal Modeling
Musculoskeletal modeling provides a way to measure physiological parameters, such as
muscle force, joint contact force, and ligamentous force that are difficult to measure in vivo (4850) during athletic movements such as cutting and various landing tasks (51-54). With the use of
musculoskeletal modeling, a more holistic understanding of these athletic movements can be
achieved by observing how changes in lower extremity kinematics and kinetics are related to
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changes within the neuromuscular system. Through extensive work, an open-sourced software
called OpenSim was developed to allow researchers the opportunity to build computer simulated
models and explore the relationship between experimentally collected data and estimated
neuromuscular variables (48). Researchers can scale a musculoskeletal model of their choosing
to be a participant-specific model based on specific anthropometric data. Each model contains
virtual anatomical marker locations. The body segments of the participants are scaled based on
the distances of the experimental markers from the motion capture system and the model virtual
markers (48). Then, experimental marker coordinate and ground reaction force data can be
imported and applied to the participant-specific model. An inverse kinematics solution is then
found to find the joint angles and translations that best reproduce the raw marker coordinate data
from the motion capture system (48). From here, researchers can either choose a number of
options of simulations to run (i.e., static optimization, computed muscle control, induced
acceleration, etc.) to answer their research question.
Several studies have utilized musculoskeletal modeling to determine ACL loading and
contributions to variables, like anterior tibial shear force and frontal plane moments, that are
known to influence ACL loading (12, 52-54, 71, 109, 329). McLean et al. (109) used a twelve
degree of freedom model to create participant specific models of ten males and ten females
during sidestep cutting tasks. They indirectly estimated ACL loading by using peak anterior
tibial shear force as a surrogate. Monte Carlo simulations (n = 5000) were performed with the
models to determine the variability of peak anterior tibial shear forces, as well as abduction and
internal rotation moment. An anterior tibial shear force above a set threshold of 2000 N was used
to determine the simulations that would have caused ACL injury. No simulations exceeded the
2000 N threshold, indicating no simulations for any of the models were “at risk” for an ACL
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injury. However, it was shown that the abduction moment reached values that would put the
ACL at risk for injury (>125 Nm). Therefore, the authors concluded that sagittal plane forces
alone were not enough to injury the ACL (109).
Weinhandl et al. (54) also used musculoskeletal modeling to observe the anticipatory
effects on ACL loading during sidestep cutting. They used a 21 degree of freedom model that
was specifically scaled to twenty females. The authors conducted a residual reduction algorithm
to calculate joint moments that would reproduce the experimentally collected sidestep cutting
tasks. After the residual reduction algorithm was conducted, a computed muscle control analysis
was executed to determine lower extremity muscle excitations and forces. Joint reaction forces
were also calculated. Three-dimensional ACL loading was then calculated using the simulated
knee joint moments, joint reaction forces, and estimated quadriceps, hamstrings, and
gastrocnemius muscle forces. A previously established model were used to calculate sagittal
plane (137), while frontal and transverse plane loading was based on cadaveric data and
expressed as a function of the respective joint moment and knee flexion angle (54, 75, 330).
They were able to observe that unanticipated sidestep cutting caused a 13% increase in overall
ACL loading compared to the anticipated sidestep cutting trials. This increase was due to an
increase in sagittal plane ACL loading. During the unanticipated trials, sagittal plane loading
contributed 62%, frontal plane loading contributed 26%, and transverse plane loading
contributed 12% to the overall ACL loading. This study confirmed others that suggested that
ACL loading was multiplanar and showed that unanticipated tasks loaded the ACL more than
anticipated tasks (54).
Other studies have used this same method to calculate three-dimensional planar ACL
loading (51, 53, 71). However, other research groups have used variations of this method by
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using point kinematics analyses to obtain the muscle line of actions from the participant specific
scaled models compared to cadaveric data (52, 204). While both methods have been validated for
use, the use of point kinematics to obtain the muscle line of actions may provide slightly more
precise estimates of ACL loading. Since each participant will have varying heights and segment
lengths, this opens the opportunity for muscle line of actions to be slightly different between all
participants. Thus, depending on the research question, it may be needed to calculate participant
specific muscle lines of action. While these studies have quantified ACL loading during tasks
like cutting and landing, and have gone so far as quantify sagittal, frontal, and transverse plane
ACL loading, it is still unclear as to what contributes to ACL loading. As discussed in a previous
section, lower extremity muscles influence ACL loading, but to date no study has quantified how
much individual muscles contribute to ACL loading.
Muscles directly influence joints they cross, as well as indirectly influence joints they do
not cross. This phenomenon is known as dynamic coupling (11). Dynamic coupling describes
how an individual muscle force acts to accelerate instantaneously not only the joint it spans, but
also other joints and segments that it has no direct relationship (11, 331). This means that
individual muscles also contribute to the acceleration of the body’s center of mass. Because the
body is multisegmented, a muscle force acting at any joint in the body also instantaneously
transfers force throughout the body due to joint intersegmental forces (11, 331, 332). Therefore,
a single muscle can either directly or indirectly contribute to intersegmental forces, joint
accelerations, and other components like joint moments, joint power, and joint work, for all
joints in the body (11, 49, 331, 332).
As such, an induced acceleration analysis (IAA) was developed to account for the
dynamic coupling nature of the body during musculoskeletal modeling. In a perfectly linear
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system, the summation of all the individual forces that are contributing to the total body
acceleration must equal the overall total body acceleration (49). When considering the human
body, the summation of the internal forces of the body (i.e. muscle forces, ligamentous forces,
etc.) must equal the GRF obtained from a force plate to produce the desired body’s kinematics
(49). However, a major problem that researchers encounter is that a force plate cannot measure
the contribution of a single muscle’s force to the overall GRF, which is necessary to evaluate the
intersegmental forces and accelerations induced by that specific muscle (49).
While there are various IAA methods for OpenSim available for use, one IAA method
commonly used employs a multiple-point foot contact model (333, 334). This method as an
advantage over other IAA methods as it is more flexible and realistic in representing the
interaction between the foot and the ground (333, 334). While some methods only use one
contact point between the foot and the ground, this method uses five contact points placed
around the perimeter of the foot. An issue present with the methods that only use one contact
point is that irregular trajectories for the muscle contributions to the GRF exist when
transitioning from contralateral toe-off, ipsilateral heel-off, and ipsilateral toe-off (333, 334). Lin
et al. (333) and Dorn et al. (334) method allows for much smoother muscle contribution
trajectories during these transition stages, thus becoming more robust and allowing for use on all
foot strike patterns, not just rearfoot strike patterned gait.
Several studies have used IAA to calculate individual muscle contributions to joint
accelerations (335), acceleration of the body’s center of mass (336-339), and intersegmental joint
forces and moments, and GRFs (12, 204) during walking, running, and sidestep cutting. Only
two studies pertain specifically to high risk ACL injury risk movements using an IAA method
(333, 334). Maniar et al. (338) observed how individual lower extremity muscles contribute to

58

three-dimensional GRFs during unanticipated sidestep cutting. They used a 29 degree of freedom
model scaled specifically to their eight male participants. An inverse kinematics algorithm was
conducted to calculate lower extremity joint angles, followed by a residual reduction algorithm.
Static optimization was then conducted in order to obtain the estimate muscle forces. Finally, the
authors used an IAA method (333, 334) to decompose the GRFs to determine specific lower
extremity muscular contribution to the GRFs (338).
They reported that during unanticipated sidestep cutting, the vasti group, gluteus
maximus, soleus, and gastrocnemius were primarily responsible for contributing to the vertical
GRF. These muscles acted to support bodyweight during the cutting movement by accelerating
the center of mass upwards. The vasti group, along with the gluteus maximus, soleus,
gastrocnemius, and hamstrings were primary contributors to the anteroposterior GRF and
modulating braking and propulsion. Finally, the vasti group, gluteus maximus, and gluteus
medius were the primary contributors to the mediolateral GRF, acting to accelerate the center of
mass towards the sidestep cutting direction (338).
The same research group also examined how individual muscles contribute to anterior
tibial shear force as well as knee abduction and rotational joint reaction moments during
unanticipated sidestep cutting (12). Using a 37 degree of freedom model, eight subject specific
models were computed. Inverse kinematics, inverse dynamics, and static optimization algorithms
were executed to obtain joint angles, joint moments, and estimated muscle forces, respectively.
An IAA method was employed to decompose the measured GRF into individual muscular
contributions (333, 334). Finally, each muscle’s contribution to anterior tibial shear force, as well
as knee abduction and rotation moments, were calculated by applying each muscle’s force and its
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respective contribution to the GRF in isolation and solving for the dynamical equations of
motion (12).
The authors reported that during an unanticipated sidestep cutting task, anterior tibial
shear force was primarily produced by the quadriceps and the gastrocnemius. Overall, the vasti
group contributed a peak 225 N of anterior tibial shear force, while the rectus femoris
contributed 83 N, the lateral gastrocnemius contributed 38 N, and the medial gastrocnemius
contributed 84 N, respectively. The soleus, biceps femoris long head, and medial hamstrings
were the greatest contributors to posterior tibial shear force, peaking at 173 N, 111 N, and 77 N,
respectively (12). These muscles actively opposed anterior tibial shear force, thus helping to
unload the ACL during the sidestep cutting task. The gluteus maximus, gluteus medius, and
piriformis were also reported to be the largest contributors to opposing knee abduction moment,
with the gluteus medius being the overall primary contributor (12). Finally, the authors reported
that a knee external rotation moment was present during the whole stance phase of the sidestep
cutting task, peaking at 25 Nm. The primary contributor to the knee external rotation moment
was the vasti group (~ 23 Nm), and soleus (~ 10 Nm). The gluteus maximus and gluteus medius
were the largest opposers to the knee external rotation moment. However, their contributions to
opposition were very small (2 Nm to 10 Nm) (12).
To date, this study is the closest any study has come to quantify how individual muscle
contribute to ACL loading during athletic tasks. However, even though Maniar et al. (12)
observed muscle contributions to knee kinematics and kinetics that are associated with ACL
injuries (i.e. anterior tibial shear force, knee abduction moment, and knee rotation moment), they
still did not actually calculate the effects individual muscles have on ACL loading. Even more
so, these studies used a healthy male population. No study thus far has observed how muscles
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would contribute to ACL loading in healthy females, ACL-R females, or individuals before and
after a fatiguing protocol. Therefore, much more research is warranted to explore these
populations.
Conclusion
Non-contact ACL injuries are extremely prevalent, costly, and often have life-long
consequences following the initial injury. Young, athletic females are at the highest risk for ACL
injury compared to their male counterparts. As such, every effort must continue to be made in
understanding why these injuries happen and how to decrease the number that occur each year.
Unfortunately, not all ACL injuries are preventable. While much a substantial amount of
research exists regarding healthy females and ACL injuries, less is known about ACL-R females
and their risk for sustaining a second ACL injury. One factor that could influence this risk is
game fatigue. However, few studies exist that report the relationship fatigue has with lower
extremity mechanics between healthy and ACL-R females. Neuromuscular control and muscle
activation may be altered due to ACL-R, fatigue, or a combination of both. As it is known that
lower extremity muscles influence ACL loading, it is vital to understand how individual lower
extremity muscular contribution may change pre and post fatigue in healthy and ACL-R females.
This information could be the key to unlocking a whole new door to ACL injury prevention and
rehabilitation research and help reduce the number of ACL injuries occurring each year.
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Chapter 3: Fatigue’s Influence on Lower Extremity Mechanics in Healthy and ACLReconstructed Females: A Statistical non-Parametric Mapping Approach
Abstract
Females are 16 times greater to sustain a second ACL injury compared to their healthy
female counterparts. Many of these females return to play their respective sport after an ACLreconstruction (ACL-R). However, little is known about the influence fatigue in sport has on
lower extremity mechanics of ACL-R females. The purpose of this study was to investigate the
influence muscular fatigue may have on lower extremity mechanics in healthy and ACL-R
females. It was hypothesized that 1) healthy control and ACL-R females would demonstrate
different hip, knee, and ankle mechanics, regardless of fatigue, and 2) fatigue would influence
hip, knee, and ankle mechanics, regardless of previous surgical intervention. Seven healthy and
four ACL-R recreationally active females completed five anticipated box-land-and-cut trials to
the right pre- and post- a fatigue protocol. Three-dimensional lower extremity kinematic and
kinetic variables were measured using a motion capture system and force plate. One-dimensional
statistical non-parametric mapping were used to assess changes in lower extremity mechanics
between healthy control and ACL-R females over the entire stance phase. The only group 
fatigue interaction found was hip flexion angle. Significant group main effects included hip
flexion, abduction, and rotation angles. Significant fatigue main effects included hip flexion and
knee abduction angles, as well as hip rotation moment. Hip and knee mechanics appear to be
influenced by both fatigue and prior ACL surgery. However, hip mechanics seemed to be the
most affected by prior ACL surgery, with fatigue being second. Therefore, future research is
warranted to investigate the relationship between hip mechanics and ACL-R.
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Introduction
Anterior cruciate ligament (ACL) injuries are extremely prevalent, costly, and often
result in long-term consequences, such as early onset knee osteoarthritis. Approximately 200,000
ACL injuries occur every year, with 70% of these injuries considered non-contact ACL injuries
(1). Epidemiologic research has shown that 100,000 to 150,000 of all ACL injuries occurring in
the United States each year will undergo reconstructive surgery (13). The primary goal of
conducting an ACL reconstruction is to return individuals back to an active lifestyle by regaining
knee stability after the ACL injury (17). For several individuals, this means returning to sport as
many ACL injuries occur in young, athletic populations. Up to 83% of ACL-reconstructed
(ACL-R) athletes return to their pre-injury sport (32), however 10 to 30% of athletes who do
return to sport after an ACL reconstruction will sustain a secondary ACL injury (26-28, 30).
Unfortunately, females are 16 times more likely to experience a secondary ACL injury after an
initial ACL reconstruction compared to their healthy female counterparts (31). As such, great
effort has been placed on understanding why this high rate of ACL re-injury exists, and why
ACL-R females are placed at a higher risk than healthy females.
Factors associated with re-injury of the ACL-R leg after return to sport is similar to those
associated with a primary ACL injury. These factors are likely multifactorial, including altered
lower extremity mechanics, such as increased hip adduction and internal rotation, decreased knee
flexion, increased knee abduction, and increased ankle plantarflexion angles (61, 62, 69, 255),
increased joint variability (23, 24), and altered muscle activity (19, 251, 268). Similar to a
primary ACL injury, secondary ACL injuries occur most often due to non-contact mechanisms,
further indicating that biomechanical and neuromuscular control is an important risk factor
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(340). While it is known that biomechanical and neuromuscular control are important risk
factors, one risk factor that is not well understood is muscular fatigue.
For the purposes of this study, muscular fatigue is defined as a decrease in the muscles
ability to produce force after an exercise bout (303). It is hypothesized that that when an
individual becomes fatigued, the fatigued musculature is not able to absorb energy as well as
non-fatigued musculature (74). This in turn leads to decreases in neuromuscular control,
decreased proprioception of the knee, and altered lower extremity mechanics, thus potentially
overloading the ACL and causing injury (34, 35, 37, 38). Few studies have observed the effects
fatigue has on healthy females during tasks such as landing and cutting (34, 35, 38, 41, 43, 44).
Previous research has shown that during landing and cutting tasks, healthy females exhibit
decreased initial contact hip flexion, increased initial contact internal hip rotation, internal knee
rotation, knee abduction angles as well as increased peak knee abduction and internal rotation
angles subsequent a fatigue protocol (34, 38, 43, 44). These mechanics reflect those commonly
observed during medial knee collapse (174), a strong characteristic of high-risk non-contact ACL
injury movement patterns (341). To our knowledge, only two studies exist that report the
influence of fatigue on ACL-R females compared to a healthy group (46, 47). ACL-R females
demonstrate decreased initial contact hip flexion angle as well as increased peak knee abduction
angle (46, 47). However, due to the small amount of previous research, the mechanisms of how
fatigue and ACL-reconstruction influence lower extremity mechanics in females is not well
understood.
Currently, all studies that have investigated the influence of fatigue on lower extremity
mechanics have limited their analyses to discrete variables, such as initial contact and peak joint
angles and moments. However, by only analyzing discrete time points, it is possible that
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differences in lower extremity mechanics caused by fatigue or previous surgical intervention
may go undetected, thus misrepresenting the true influence fatigue and ACL-reconstruction may
have on lower extremity mechanics. Therefore, using a time series-based statistical analysis,
such as statistical non-parametric mapping (SnPM), allows for the entire time series of the lower
extremity kinematic and kinetic data to be analyzed and provide a better understanding of how
fatigue and ACL-reconstruction influences lower extremity mechanics.
Therefore, the purpose of this study was to investigate the influence muscular fatigue
may have on lower extremity mechanics in healthy and ACL-R females. Because we are using
non-directional statistical non-parametric mapping analyses, it was hypothesized that healthy
control and ACL-R females would demonstrate different hip, knee, and ankle mechanics,
regardless of fatigue. It was also hypothesized that fatigue would influence hip, knee, and ankle
mechanics, regardless of previous surgical intervention.
Methods and Materials
Participants
Prior to data collection, experimental procedures received ethical approval from the
university’s Institutional Review Board. Eleven (seven healthy controls, four ACL-R)
recreationally active females between 18 and 35 years volunteered for the study (Table 1).
Inclusion criteria for both the healthy control and the ACL-R groups included being
recreationally active at least 3 days per week for a minimum of 30 minutes per session, with one
session being a dynamic training session, no lower extremity pain on the day, and no history of
lower extremity injury within six months prior to testing. Specific inclusion criteria for the
healthy control group included no history of lower back or lower extremity surgery, while
specific inclusion criteria for the ACL-R group included being a minimum of one year post ACL
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reconstruction, no history of multi-ligament knee surgeries, active meniscal symptoms, or
bilateral knee surgery (57). There was no restriction on graft type or history of meniscal repair at
the time of ACL reconstruction (26, 61, 69), and all ACL-R females were cleared to return to full
sport participation by their physician. All ACL reconstructions performed on the ACL-R females
were autografts. Two ACL-R females had patella tendon grafts, while the other two ACL-R
females had a semitendinosus-gracilis tendon graft and a quadriceps tendon graft, respectively.
Experimental Procedures
Data collection consisted of two testing days, with a minimum of three days separation
between the two testing days. On Day 1, participants provided written informed consent, as well
as completed the Lower Extremity Functional Scale (LEFS) (342), the Knee injury and
Osteoarthritis Outcome Score questionnaire (KOOS) (343), the International Knee
Documentation Committee questionnaire (IKDC) (344), the Tampa Scale for Kinesiophobia
(TSK-11) (345), a musculoskeletal health history questionnaire, and a fitness history
questionnaire. Participants then completed an ankle dorsiflexion range of motion assessment, a
knee joint laxity assessment, a balance assessment, and a strength assessment of the lower
extremity musculature. The ankle dorsiflexion range of motion assessment was conducted using
a weight-bearing lunge test as described in previous research (346, 347). Following the weightbearing lunge test, bilateral knee joint laxity was assessed using a knee arthrometer (Prothia
GNRB, Paris, FRA). Three trials of knee laxity were collected for each knee. The balance
assessment consisted of a bilateral standing position with eyes open and closed, as well as a
unilateral standing position with eyes open and closed on the left and right leg. Each test
included three trials that lasted 20 seconds each. Finally, isokinetic strength testing at 30°·s-1 on
an isokinetic dynamometer (Biodex Medical Systems, System 4 Pro, NY, USA) was completed.
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Three trials of isokinetic testing of the hip flexors and extensors, hip adductors and abductors,
knee flexors and extensors, and ankle plantarflexors and dorsiflexors were performed on the
participants’ right and left leg.
On Day 2, participants returned to the laboratory to complete the biomechanical testing
and fatigue protocol (Figure 1). Participants were asked to wear an athletic t-shirt, spandex
shorts, and were provided with a standard laboratory shoe (Nike Pegasus, Nike Inc., Beaverton,
OR, USA) to wear during testing. Height and weight were collected, and then participants
completed a five-minute warm-up at a self-selected pace on a treadmill. Following the warm-up,
a heart rate sensor was secured to the participant’s chest (Polar T31 Heart Rate Sensor, Polar
Electro Inc., Bethpage, NY, USA) and a heart rate monitor (Polar FT1 Heart Rate Monitor, Polar
Electro Inc., Bethpage, NY, USA) was worn on the participant’s wrist. Then, 27 anatomical,
retro-reflective markers were placed on the manubrium below the sternal notch, C7, L1, and
bilaterally on the right and left acromion processes, right and left iliac crests, right and left ASIS,
right and left PSIS, right and left greater trochanters, medial and lateral femoral epicondyles,
right and left tibial tuberosity, medial and lateral malleoli, right and left tip of the second toe, and
first and fifth metatarsophalangeal joints. Clusters of four non-collinear markers on rigid
thermoplastic shells were attached to the posterior trunk, posterior pelvis, and bilaterally on the
lateral thighs and lateral shanks using neoprene straps to track segment movement during motion
trials. Finally, clusters with four non-collinear markers on a rigid thermoplastic shell was secured
directly on the posterior surface of the heel of the right and left shoes. A pre-fatigue three-second
standing static calibration trial was recorded, and the 27 anatomical markers were removed.
After the anatomical markers were removed, participants were asked to complete three
maximal vertical jumps to measure pre-fatigue vertical jump height. Then, participants stood on
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top of a 30 cm box positioned half of the participant’s body height away from the center of the
force plate and were asked to jump out towards the center of the force plate and complete three
anticipated landing tasks. These landing tasks included: 1) landing unilaterally on the right foot
and cutting 45° to the left, 2) landing unilaterally on the left foot and cutting 45° to the right, and
3) landing bilaterally and completing a vertical jump subsequent to the initial land. While three
landing tasks were performed, the box-land-and-cuts to the right were analyzed for all controls as
well as ACL-R females who had a reconstruction on the right knee. Box-land-and-cuts to the left
were analyzed for two ACL-R females who had a reconstruction on the left knee. The landing
tasks were counterbalanced, and five successful trials of each landing task were collected prior to
the start of the fatigue protocol. After the pre-fatigue data collection trials are collected, the
cluster markers were removed, and participants were brought into a gym where the fatigue
protocol began.
A modified fatigue protocol was used to fatigue the participants (Figure 2). Because
recreationally active females participated in the current study, a modified version of an existing
fatigue protocol (37) tailored to recreational individuals was created. A reactive component was
added to the modified fatigue protocol as it has been shown that general fatigue protocols with a
reactive component are best at creating physical overall fatigue and cognitive fatigue (298). First,
participants were asked to perform a maximal vertical jump-and-reach test against a wall. Then,
participants were asked to stand in the middle of four exercise stations, placed 7.5 m in front,
behind, and to the left and right of the participant. Each exercise station consisted of four
different body weight exercises (maximal countermovement vertical jumps, lunges, mountain
climbers, and squats to parallel).
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To start a round, participants stood in a standing position. They were then instructed to
sprint towards the randomly assigned exercise station. If they were instructed to complete the
front station, participants sprinted 7.5 m, completed the exercise, and then sprinted backwards to
their starting point. If a participant was instructed to complete the back station, participants
sprinted backwards 7.5 m to the station, completed the exercise, and then sprinted forward to the
starting point. To reach the left or right station, participants maximally side-shuffled to the left or
right station, completed the exercise, and then side-shuffled back to the starting point. Each
exercise station was visited once per round. Once the participant finished the last exercise
station, they sprinted to the wall to complete a maximal vertical jump-and-reach, then were asked
their heart rate (HR) and rate of perceived exertion using a 6-to-20 point Borg scale, where 20
represented maximal exertion. Participants then received 60 s of rest before completing the next
round. Participants completed as many rounds as possible until their maximal vertical jump-andreach height decreased by 25% for two consecutive maximal vertical jumps.
Once maximal vertical jump-and-reach height was decreased by 25%, participants
sprinted back to the laboratory, where cluster markers were placed back on the participant, and
the participant completed three maximal vertical jumps to measure immediate post-fatigue
maximal vertical jump. Participants were then asked to complete the round of body weight
exercises they completed during the fatigue protocol (i.e. maximal countermovement vertical
jumps, lunges, mountain climbers, and squats to parallel). Then, participants completed the same
counterbalanced landings tasks as they did prior to completing the fatigue protocol. Between
each landing task, participants were asked to complete the set of body weight exercises to ensure
they remained fatigued through the post-fatigue data collection. Finally, after the last landing
task was collected, one final set of three maximal vertical jumps were recorded to measure if
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participants maintained a level of fatigue throughout the post-fatigue data collection. The same
set of anatomical markers as described above were placed back on the participant, and finally, a
post-fatigue three-second standing static trial was collected.
Data Analysis
Visual3D biomechanical software (v6.0, C-Motion, Germantown, MD, USA) was used to
process and analyze three-dimensional hip, knee, and ankle joint kinematic and kinetic variables.
Raw marker coordinate and ground reaction force data were filtered using a fourth-order, zero
lag, Butterworth low-pass filter with a cut-off frequency of 12 Hz (36, 314, 348). Right-handed
Cartesian segmental coordinate systems (x-y-z) were used for three-dimensional angular
computations where x represents the medial-lateral axis, y represents the anterior-posterior axis,
and z represents the longitudinal axis. Hip joint centers were determined at 25% of the distance
from ipsilateral to contralateral greater trochanter markers (349). Knee joint centers were
determined using the midpoint between femoral epicondyle markers (350), and ankle joint
centers were determined using the midpoint between ipsilateral medial and lateral malleoli
markers (351).Three-dimensional joint kinetics were calculated using standard inverse dynamics
techniques and expressed as internal moments in the joint coordinate system (352). Body
segment parameters were estimated from Dempster and Hanavan (353, 354). Joint moments
were normalized to body mass. Stance phase was defined as the time from initial contact to toeoff which were identified using a vertical ground reaction force threshold of 10 N. Data from the
right leg of the healthy controls were analyzed as all healthy controls identified as right-leg
dominant while data from the ACL-reconstructed leg of the ACL-R females were analyzed.
Jump height during the pre-fatigue and post-fatigue data collections in the lab were calculated
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using the impulse-momentum relationship. Jump height during the fatigue protocol in the gym
was calculated using a simple jump-and-reach test.
Statistical Analyses
Independent unpaired t-tests were used to calculate differences in healthy control and
ACL-R descriptives as well as fatigue protocol characteristics. Differences in 3D hip, knee, and
ankle joint angles and moments across the entire stance phase between healthy control and ACLR during the two fatigue conditions were examined via one-dimensional statistical nonparametric mapping (SnPM{f}) 2  2 ANOVAs (group  fatigue) using Random Field Theory to
correct for Type I error inflation (355, 356). MATLAB R2020a (MATLAB, MathWorks, Natick,
MA, USA) was used to implement the SnPM{f} tests using the source code
(http://www.spm1d.org) made available by Pataky et al. (356) Group main effects, fatigue main
effects, and interactions were shown to be significant when SnPM{f} trajectory crossed the
critical threshold boundary. If differences were found, the mean difference of the significant
supra-threshold clusters were calculated. If a group  fatigue interaction was found, post-hoc
SnPM t-tests (SnPM{t}) were conducted on each pairwise comparison separately. Significance
for all tests was a priori set at p < 0.05.
Results
Participant Descriptive and Fatigue Protocol Characteristics
There were no significant differences found in age, height, mass, LEFS, IKDC, KOOS,
or the TSK-11 between healthy control and ACL-R females (Table 1). There were also no
significant differences found in pre-fatigue jump height, post-fatigue jump height, post-collection
jump height, rounds completed, end HR, end RPE, or total time between healthy controls and
ACL-R female (Table 2).
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Group Differences
Hip flexion, abduction, and rotation angles were found to be significant between healthy
control and ACL-R females during the anticipated cutting tasks, regardless of fatigue level
(Figure 3; Table 3). Hip flexion was 15.7° degrees greater in the ACL-R group from 10 to 87%
of stance phase compared to the healthy control group (p-value < 0.001). The ACL-R group also
demonstrated greater hip abduction during 75 to 100% of stance phase compared to the healthy
control group (mean difference: 9.3°; p-value < 0.001). Finally, the healthy control group had a
mean difference of 8.7° less of hip internal rotation compared to the ACL-R group from 25 to
42% of stance phase (p-value < 0.001). There were no statistically significant group main effects
found for hip moments, as well as knee or ankle angles and moments.
Fatigue Differences
Hip flexion and knee abduction angles, as well as hip rotation moment significantly
differed between pre- and post-fatigue during the anticipated cutting trials, regardless of group
(Figure 3 & 4; Table 4). Hip flexion decreased 3.7° from 99 to 100% of stance phase from prefatigue to post-fatigue (p-value < 0.001). Post-fatigue, participants experienced 0.7° more knee
abduction compared to pre-fatigue from 76 to 79% of stance phase (p-value < 0.001). Finally,
participants demonstrated a mean difference of 0.02 Nm·kg-1 of hip internal rotation during 53 to
70% of stance phase (p-value < 0.001). No other statistically significant group main effects were
found for hip, knee, and ankle angles and moments.
Group x Fatigue Interaction
A group  fatigue interaction was identified for hip flexion, knee abduction, and ankle
plantarflexion angles, as well as hip rotation moment. Post-hoc SnPM{t} showed that ACL-R
participants had 18.7° greater hip flexion from 23 to 79% of stance phase compare to healthy
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participants pre-fatigue (Healthy control pre-fatigue: 9.5° ± 7.3°; ACL-R pre-fatigue: 28.3° ±
7.7°; p-value = 0.009; Figure 5). Post-fatigue, hip flexion was also 15.3° greater in the ACL-R
group compared to the healthy control group from 62 to 79% of stance phase (Healthy postfatigue: 0.8° ± 3.6°; ACL-R post-fatigue: 16.1° ± 5.6°; p-value = 0.015; Chapter 3). Even though
a significant interaction were found for knee abduction and plantarflexion angles, post-hoc
analyses were not significant.
Discussion
The purpose of this study was to investigate the influence muscular fatigue may have on
lower extremity mechanics in healthy and ACL-R females. We hypothesized that healthy control
and ACL-R females would demonstrate different hip, knee, and ankle mechanics, regardless of
fatigue. It was also hypothesized that fatigue would influence hip, knee, and ankle mechanics,
regardless of previous surgical intervention. Finally, it was hypothesized that there would be an
interaction between fatigue and previous surgical intervention.
In the present study, our first hypothesis was partially supported in that 3D hip
kinematics were found to be different between the healthy control and the ACL-R females.
However, there were no significant differences in knee or ankle kinematics or kinetics, as well as
hip kinetics, found between the two groups. ACL-R females exhibited increased hip flexion
throughout most of the stance phase (10 – 87% of stance; Table 3) compared to the healthy
control group. This is similar to previous research that have studied ACL-R females completing
landing and cutting tasks (46, 255). Clarke et al. (255) suggests this increased hip flexion in
ACL-R females originates from deficits in trunk control. Deficits in neuromuscular control of the
trunk has been associated as a predictor of knee and ACL injuries in females (357). Therefore,
our results indicate that ACL-R females may be at an increased risk of ACL re-injury due to poor
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control of their trunk. ACL-R females also had greater hip abduction (75 – 100% stance phase)
compared to the healthy control group. Interestingly, ACL-R females exhibited 4.5° ± 0.2 of hip
internal rotation, while the healthy controls exhibited approximately the same magnitude of hip
external rotation (-4.2° ± 0.3) from 25 to 42% of stance phase. The combination of increased hip
flexion and abduction angles as well as increased hip flexion and internal rotation angles without
significant changes in knee and ankle kinematics and kinetics indicates potential compensatory
mechanisms at the hip in order to maintain knee stability during a box-land-and-cut task in ACLR females. Further investigation into trunk and hip mechanics and their relationship to ACLreconstruction is warranted.
Our second hypothesis was also supported in that hip flexion and knee abduction angles,
as well as hip rotation moment were significant between pre- and post-fatigue. However, no
other hip, knee, or ankle kinematics or kinetics were found to be significant. Post-fatigue,
females experienced an increase in hip flexion (99 – 100% stance phase) and knee abduction (76
– 79% stance phase) angles, as an increase in hip internal rotation moment (53 – 70% stance
phase; Table 3). Even though fatigue influenced hip flexion, the significance was found during
the last two percent of stance phase, indicating this finding may not be meaningful in fatigue’s
influence on hip flexion. Increased knee abduction angle in females post-fatigue is consistent
with previous cutting research (38). Increased knee abduction angle is commonly associated with
increased ACL injury risk (114, 166). However, Collins et al. (38) reported an increase in postfatigue peak knee abduction angle, which occurred approximately between 25 – 30% of stance
phase. Our results indicate that fatigue did not influence knee abduction angle until 76 – 79% of
stance phase. Fatigue also did not change knee adduction moment, a known ACL injury risk
mechanism (8). Therefore, fatigue may not be heavily involved in increasing ACL injury risk by
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influencing prime knee mechanics. Finally, increased hip internal rotation moment was found
post-fatigue compared to pre-fatigue. It is plausible that the anticipatory nature of the box-landand-cut task caused the body’s predetermined motor program to adjust muscle activation patterns
and coordination during the stance phase post-fatigue (163, 310). Previous research also
indicates that the body changes optimal movement strategy to perform tasks pre- and postfatigue (312). Thus, while fatigue did not influence hip rotation angle, it can still influence hip
rotation moment. However, the mean difference of hip internal rotation moment between preand post-fatigue was 0.02 Nm·kg-1, thus questioning the meaningfulness of this result.
Finally, an unexpected interaction was found between group and fatigue. Hip flexion,
knee abduction, and ankle plantarflexion angles as well as hip rotation moment were found to
have significant interactions between group and fatigue. Post-hoc SnPM{t} revealed that ACL-R
females had 18.7° more hip flexion pre-fatigue during 23 – 79% of stance phase and had 15.3°
more hip flexion post-fatigue during 62 – 79% of stance phase compared to healthy controls. As
discussed previously, ACL-R females may be prone to poor neuromuscular control of the trunk,
thus increasing hip flexion and potentially risk of injury. This may be indicative to clinicians and
coaches that muscular strength and endurance of the hip musculature is vital in rehabilitative and
injury prevention protocols for ACL-R females. Regarding the other significant interactions,
further investigation conducting the post-hoc SnPM{t} revealed that no interaction between
group and fatigue existed for knee abduction and ankle plantarflexion angles as well as hip
internal rotation moment.
There are limitations to this study that must be acknowledged. First, the study contains a
small sample size. An a priori power analysis with an alpha of 0.05 a beta of 0.80, and effect
size (f ) of 0.40 was performed based on key kinematic and kinetic variables (34, 35, 47). The
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analysis indicated that a minimum of 16 participants (eight per group) were sufficient to detect
any statistical differences. Due to the COVID-19 pandemic, we were not able to complete data
collections that would have allowed us to meet the minimum participant number. We plan to add
additional subjects to the current dataset to improve statistical power in the future.
Secondly, the fatigue protocol had to take place in a separate gym away from the testing
laboratory. Consequently, participants had to run back to the laboratory after the fatigue protocol
and had to stand still while the cluster markers were placed back on the participant for postfatigue data collection. It is possible that participants received some recovery during this time.
However, on average, the amount of time it took from the end of the fatigue protocol to the start
of the post-fatigue data collection was approximately two minutes (Table 2). Participants were
also asked to complete their fatigue protocol body weight exercises throughout the post-fatigue
data collection to ensure they stayed fatigue until data collection was over. Our secondary
criterion for fatigue (i.e. heart rate, RPE) also suggest that fatigue was met during the fatigue
protocol.
Finally, the ACL-R females all had different surgeons that conducted their ACLreconstruction, as well has received rehabilitation from different physical therapists. Therefore,
surgical techniques and rehabilitative protocols within the ACL-R females are different, thus
potentially influencing their lower extremity mechanics. ACL-R females also had a variety of
graft types. While research has shown that functional outcomes of different graft types are
similar after one year post-surgery (237), mechanical differences may still exist within the ACLR group. Lastly, the small, uneven sample sizes of the healthy control and ACL-R groups may
have prevented the detection of differences in some variables observed in the study, thus
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increasing Type II error. Further collections of healthy control and ACL-R females are needed to
decrease Type II error and to increase statistical power in the current study.
Conclusion
The present study shows that ACL-reconstruction and fatigue is influential on specific
hip and knee mechanics in recreationally active females. ACL-R female displayed altered hip
mechanics that may place them at a higher risk of ACL re-injury, especially after muscular
fatigue has been induced, compared to healthy controls. Previous research has stated that muscle
activity of the quadriceps, hamstrings, and gluteal muscles are influenced by fatigue in studies
that have observed fatigues influence in ACL-R individuals (65, 314). It is important to note that
these two studies grouped ACL-R males and females together in their analyses. However,
understanding muscular function is influenced by fatigue in healthy and ACL-R females would
give more insight into the altered hip and knee mechanics found in this study. Studying muscular
function in fatigued individuals may be difficult. Therefore, future research should utilize other
techniques, such as musculoskeletal modeling to better understand how fatigue influences
healthy and ACL-R females.

77

Tables and Figures
Table 1: Mean ± SD of participant descriptive characteristics.
Variable
Total (n = 11) Healthy (n = 7)

ACL-R (n = 4)

p-value

Age (yrs)

22.5 ± 2.4

23.0 ± 2.6

21.8 ± 2.1

0.205

Height (cm)

166.9 ± 5.8

165.9 ± 5.7

168.8 ± 6.3

0.238

Mass (kg)

68.5 ± 6.0

69.2 ± 6.9

67.3 ± 4.8

0.311

LEFS

79 ± 3

79 ± 2

78 ± 4

0.352

IKDC

84 ± 5

86 ± 1

81 ± 8

0.137

KOOS

97 ± 6

99 ± 2

94 ± 9

0.177

TSK-11

14 ± 3

14 ± 4

16 ± 3

0.164

-

-

48 ± 14

-

Time Since Surgery (mo)

p-value represents the comparison between Healthy and ACL-R.
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Table 2: Mean ± SD of fatigue protocol characteristics.
Variable
Total (n = 11) Healthy (n = 7)
Pre-Fatigue JH (m)
0.25 ± 0.04
0.24 ± 0.05

ACL-R (n = 4)
0.26 ± 0.02

p-value
0.557

Post-Fatigue JH (m)

0.22 ± 0.07

0.21 ± 0.07

0.23 ± 0.05

0.640

Post-Collection JH (m)

0.21 ± 0.06

0.21 ± 0.07

0.23 ± 0.05

0.651

7±4

8±5

6±1

0.095

188 ± 10

184 ± 10

195 ± 9

0.061

19 ± 1

19 ± 2

19 ± 1

0.194

1:56 ± 0:31

2:00 ± 0:40

1:51 ± 0:03

0.352

Rounds Completed
End HR (BPM)
End RPE
Total Time (MM:SS)

p-value represents the comparison between Healthy and ACL-R. Total Time represents the time
from the end of the fatigue protocol to the start of the post-fatigue data collections. JH represents
jump height. HR represents heart rate. RPE represents rate of perceived exertion. MM:SS
represents the time in minutes:seconds.
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Table 3: Significant group main effects supra-threshold cluster ranges, suprathreshold cluster means ± standard deviation, and supra-threshold cluster specific pvalues for the lower extremity joint kinematics.
Range
Healthy
ACL-R
Joint
Kinematics

Hip Flexion (°)
Hip Abduction (°)
Hip Rotation (°)

10 – 87%
75 – 100%
25 – 42%

9.5 ± 9.6
-8.0 ± 1.3
-4.2 ± 0.3

25.2 ± 10.7
-17.2 ± 1.5
4.5 ± 0.2

p-value represents the cluster-specific value between Healthy and ACL-R groups.
Range represents the percent of stance phase when the supra-threshold cluster was
beyond the critical threshold line.
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p-value
< 0.001
< 0.001
< 0.001

Table 4: Significant fatigue main effects supra-threshold cluster ranges, suprathreshold cluster means ± standard deviation, and supra-threshold cluster specific pvalues for the lower extremity joint kinematics and kinetics.
Range
Pre-Fatigue Post-Fatigue
Hip Flexion (°)
Joint
Kinematics Knee Abduction (°)
Joint
Kinetics

Hip Rotation (Nm·kg-1)

99 – 100%
76 – 79%
53 – 70%

-19.7 ± 0.3
-4.6 ± 0.1

-15.9 ± 0.4
-5.3 ± 0.2

< 0.001
< 0.001

0.1 ± 0.0

0.1 ± 0.0

< 0.001

p-value represents the cluster-specific value between the Pre-Fatigue and PostFatigue groups. Range represents the percent of stance phase when the suprathreshold cluster was beyond the critical threshold line.
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p-value

Figure 1: Visual representation of the Day 2 data collection protocol.
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Figure 2: Visual representation of the modified fatigue protocol.
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Figure 3: Mean ensemble curves for significant hip kinematic variables (A) and their respective
SnPM{f} outputs (B) from 0 to 100% of stance phase. The dashed horizontal line on the
SnPM{f} outputs indicates the critical threshold boundary. The grey, shaded regions indicates
the significant supra-threshold clusters representing statistically significant differences.
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Figure 4: Mean ensemble curves for significant hip and knee kinematic and kinetic variables (A)
and their respective SnPM{f} outputs (B) from 0 to 100% of stance phase. The dashed horizontal
line on the SnPM{f} outputs indicates the critical threshold boundary. The grey, shaded regions
indicates the significant supra-threshold clusters representing statistically significant differences.
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Figure 5: Mean ensemble curves for healthy and ACL-R hip flexion angles pre-fatigue and postfatigue (A) with their respective SnPM{t} output from 0 to 100% of stance phase. The solid
black line on the SnPM {t} represents the frequentist inference. The dashed horizontal lines on
the SnPM{t} output indicates the critical threshold boundary. The grey, shaded region indicates
the significant supra-threshold cluster representing a statistically significant difference.
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Chapter 4: Fatigue’s Effects on Overall ACL Loading in Healthy and ACL-Reconstructed
Females
Abstract
Females are 16 times greater to sustain a second ACL injury compared to their healthy
female counterparts. Many of these females return to play their respective sport after ACL-R.
However, one variable hypothesized to be associated with injury that cannot be avoided is
muscular fatigue. Previous studies have shown that fatigue and ACL-R can independently
influence FACL. Little is known about the influence fatigue has on lower extremity mechanics of
ACL-R females. However, no study thus far has observed from a musculoskeletal modeling
perspective of how FACL would be influenced by fatigue concomitantly with ACL-R in
recreationally active females. The purpose of this study was to investigate how FACL would be
impacted before and after whole-body fatigue protocol in healthy and ACL-R females. Seven
healthy and four ACL-R recreationally active males and females completed five anticipated boxland-and-cut trials to the right pre- and post- a fatigue protocol. Lower extremity kinematics and
kinetics were collected with three-dimensional motion capture and force plates. A modified
musculoskeletal model was scaled based on participant-specific anthropometrics, and muscle
forces were obtained using static optimization. A previously established mathematical ACL
loading model was used to calculate overall FACL. One-dimensional statistical non-parametric
mapping were used to assess changes in FACL between healthy and ACL-R females over the
entire stance phase pre- and post-fatigue. There were no significant differences in FACL due to
groups, fatigue, or an interaction between the two. The lack of significance is most likely due to
minimal changes in lower extremity kinematic and kinetics.

87

Introduction
Anterior cruciate ligament (ACL) injuries are extremely prevalent, costly, and often result in
long-term consequences, such as early onset knee osteoarthritis. Approximately 200,000 ACL
injuries occur every year, with 70% of these injuries considered non-contact ACL injuries (1).
Epidemiologic research has shown that 100,000 to 150,000 of all ACL injuries occurring each
year will undergo reconstructive surgery (13), with the primary goal of returning individuals
back to an active lifestyle by regaining knee stability (17). For several individuals, this means
returning to sport as many ACL injuries occur in young, athletic populations. Up to 83% of
ACL-reconstructed (ACL-R) athletes return to their pre-injury sport (32), however 10 to 30% of
athletes who do return to sport after an ACL reconstruction will sustain a secondary ACL injury
(26-28, 30). Unfortunately, females are 16 times more likely to experience a secondary ACL
injury after an initial ACL reconstruction compared to their healthy female counterparts (31). As
such, great effort has been placed on understanding why this high rate of ACL re-injury exists,
and why ACL-R females are placed at a higher risk than healthy females.
Re-injury of the ACL-R leg after return to sport is multifactorial, with factors including
altered lower extremity mechanics (61, 62, 69, 255), increased joint variability (23, 24), and
altered muscle activity (19, 251, 268). However, other lesser understood factors, such as fatigue,
could play a noteworthy role in ACL-R re-injury. Few studies have observed the effects fatigue
has on healthy females during tasks such as landing and cutting (34, 35, 38, 41, 43, 44). Healthy
females demonstrated mechanics that reflect those commonly observed during medial knee
collapse following a fatigue protocol (174), a strong characteristic of high-risk non-contact ACL
injury movement patterns (341). Very few studies have observed fatigue affects in ACL-R
females. However, the two studies that have compared ACL-R females to a healthy control
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group pre- and post- a fatigue protocol have reported decreased initial contact hip flexion angle
as well as increased peak knee abduction angle, (46, 47), both which have been associated with
ACL injury.
Through the work of previous cadaveric research, it is known that lower extremity mechanics
related to medial knee collapse (i.e. increased knee abduction angle, increased knee rotation,
increased knee adduction moment, etc.) also increase overall ACL loading (FACL) (110).
However, cadaveric research cannot describe what influences FACL in real world applications.
Musculoskeletal modeling provides a way to estimate biomechanical parameters, such as ACL
force, that are often difficult to measure in vivo during athletic movements. Several studies have
utilized musculoskeletal modeling via OpenSim to determine ACL loading (52-54, 71, 109, 204,
358). Weinhandl, Earl-Boehm, Ebersole, Huddleston, Armstrong and O'Connor (53) investigated
FACL during anticipated 45° cutting tasks in healthy females before and after a hamstring fatigue
protocol. By acutely reducing hamstring strength by 25% using an isokinetic dynamometer,
Weinhandl, Earl-Boehm, Ebersole, Huddleston, Armstrong and O'Connor (53) found that FACL
loading increased by 36%, which was mostly attributed an increase in sagittal plane loading. Yet,
it is currently unknown how a more whole-body fatiguing protocol that would reflect more
accurately game-like fatigue would influence FACL. Conversely, Samaan, Ringleb, Bawab,
Greska and Weinhandl (71) conducted a case study involving a female collegiate soccer player
and investigated FACL before and after ACL-R and reported 56% higher increase in FACL in the
surgical knee after ACL-R compared to before surgery. Both fatigue and ACL-R independently
affected FACL in these two studies. However, no study thus far has observed from a
musculoskeletal modeling perspective how FACL would be influenced by fatigue concomitantly
with ACL-R in recreationally active females.
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Therefore, the purpose of this study was to investigate how FACL would be impacted before
and after whole-body fatigue protocol in healthy and ACL-R females. Because we are using nondirectional statistical non-parametric mapping analyses, it was hypothesized that surgical
intervention would influence FACL, regardless of fatigue. It was also hypothesized that fatigue
would influence FACL, regardless of previous surgical intervention. Finally, it was hypothesized
that there would be an interaction between fatigue and previous surgical intervention.
Methods and Materials
Participants
Prior to data collection, experimental procedures received ethical approval from the
university’s Institutional Review Board. Eleven (seven healthy controls, four ACL-R)
recreationally active females between 18 and 35 years volunteered for the study (Chapter 3
Appendix Table 1). Inclusion criteria for both the healthy control and the ACL-R groups
included being recreationally active at least 3 days per week for a minimum of 30 minutes per
session, with one session being a dynamic training session, no lower extremity pain on the day,
and no history of lower extremity injury within six months prior to testing. Specific inclusion
criteria for the healthy control group included no history of lower back or lower extremity
surgery, while specific inclusion criteria for the ACL-R group included being a minimum of one
year post ACL reconstruction, no history of multi-ligament knee surgeries, active meniscal
symptoms, or bilateral knee surgery (57). There was no restriction on graft type or history of
meniscal repair at the time of ACL reconstruction (26, 61, 69), and all ACL-R females were
cleared to return to full sport participation by their physician. All ACL reconstructions performed
on the ACL-R females were autografts. Two ACL-R females had patella tendon grafts, while the
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other two ACL-R females had a semitendinosus-gracilis tendon graft and a quadriceps tendon
graft, respectively.
Data collection consisted of two testing days, with a minimum of three days’ separation
between the two testing days. A full description of the Day 1 and Day 2 testing sessions can be
found in Chapter 3. Briefly, Day 1 consisted of participants providing written informed consent,
as well as complete a variety of health history questionnaires. Participants then completed an
ankle dorsiflexion range of motion assessment, a knee joint laxity assessment, a balance
assessment, and a strength assessment of the lower extremity musculature.
On Day 2, participants were asked to wear an athletic t-shirt, spandex shorts, and provided a
standard laboratory shoe (Nike Pegasus, Nike Inc., Beaverton, OR, USA) to wear during testing.
Participant height and weight were collected, and then participants completed a five-minute
warm-up at a self-selected pace on a treadmill. Following the warm-up, a heart rate sensor was
secured to the participant’s chest (Polar T31 Heart Rate Sensor, Polar Electro Inc., Bethpage,
NY, USA) and a heart rate monitor (Polar FT1 Heart Rate Monitor, Polar Electro Inc., Bethpage,
NY, USA) was worn on the participant’s wrist. Then 27 anatomical, retro-reflective markers
were placed on specific anatomical landmarks of the neck, trunk, pelvis, and bilaterally on the
legs and feet (Figure 1). Clusters of four non-collinear markers on rigid thermoplastic shells were
attached to the trunk, pelvis, and bilaterally on the thighs, shanks, and heels. A pre-fatigue threesecond standing static calibration trail was recorded, and then the anatomical markers were
removed.
After the anatomical markers were removed, participants were asked to complete three
maximal vertical jumps to measure pre-fatigue vertical jump height. Then, participants stood on
top of a 30 cm box positioned half of the participant’s body height away from the center of the
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force plate and were asked to jump out towards the center of the force plate and complete three
anticipated landing tasks. These landing tasks included: 1) landing unilaterally on the right foot
and cutting 45° to the left, 2) landing unilaterally on the left foot and cutting 45° cut to the right,
and 3) landing bilaterally and completing a vertical jump subsequent to the initial land. While
three landing tasks were performed, the box-land-and-cuts to the right were analyzed for all
controls as well as ACL-R females who had a reconstruction on the right knee. Box-land-andcuts to the left were analyzed for two ACL-R females who had a reconstruction on the left knee.
The landing tasks were counterbalanced, and five successful trials of each landing task were
collected prior to the start of the fatigue protocol. After the pre-fatigue data collection trials are
collected, the cluster markers were removed, and participants were brought into a gym where the
fatigue protocol began.
Experimental Procedures
A complete description of the modified fatigue protocol can be found in Chapter 3 (Figure 2).
In short, a maximal vertical jump-and-reach test against a wall was performed. Then, participants
stood in the middle of four exercise stations, placed 7.5 m in front, behind, and to the left and
right of the participant. Each exercise station consisted of four different body weight exercises.
To start a round, participants were instructed to sprint towards a randomly assigned exercise
station. The participant would sprint, backpedal, or side-shuffle to the respective exercise station,
complete the exercise, and then return back to their starting positon. Once all four stations were
completed, participants sprinted back to the wall to complete a maximal vertical jump-and reach,
then were asked their heart rate and rate of perceived exertion. Participants received 60 s of rest
before completing the next round. Participants completed as many rounds as possible until their
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maximal vertical jump-and reach height decreased by 25% for two consecutive maximal vertical
jumps.
Once maximal vertical jump-and-reach height was decreased by 25%, participants sprinted
back to the laboratory, where cluster markers were placed back on the participant, and the
participant completed three maximal vertical jumps to measure immediate post-fatigue maximal
vertical jump. Participants were then asked to complete the round of body weight exercises they
completed during the fatigue protocol. Then, participants completed the same counterbalanced
landings tasks as they did prior to completing the fatigue protocol. Between each landing task,
participants were asked to complete the set of body weight exercises to ensure they remained
fatigued through the post-fatigue data collection. Finally, after the last landing task was
collected, one final set of three maximal vertical jumps were recorded to measure if participants
maintained a level of fatigue throughout the post-fatigue data collection. The same set of
anatomical markers as described above were placed back on the participant, and finally, a postfatigue three-second standing static trial was collected.
Data Analysis
For all trials, raw marker coordinate data were collected at 200 Hz with a 12-camera
motion capture system (Vicon, Centennial, CO, USA) while GRF data were collected
synchronously at 2000 Hz (AMTI, Inc., Watertown, MA). Raw marker coordinate and ground
reaction force data were filtered using a fourth-order, zero lag, Butterworth low-pass filter with
cut-off frequency of 12 Hz (36, 314, 348). Visual3D biomechanical software (C-Motion,
Germantown, MD, USA) was used to create a kinematic model made of eight skeletal segments
(trunk, pelvis, bilateral thighs, shanks, and feet) from the standing calibration trial. Segment
coordinate systems were determined using a joint coordinate system approach (350). Hip joint
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centers were determined at 25% of the distance from ipsilateral to contralateral greater trochanter
markers (349). Knee joint centers were determined using the midpoint between femoral
epicondyle markers (350), and ankle joint centers were determined using the midpoint between
ipsilateral medial and lateral malleoli markers (351). Stance phase was defined as the time from
initial contact to toe-off, both of which were identified using a vertical ground reaction force
threshold of 10 N. Data from the right leg of the healthy controls were analyzed as all healthy
controls identified as right-leg dominant while data from the ACL-reconstructed leg of the ACLR females were analyzed. Jump height during the pre-fatigue and post-fatigue data collections in
the lab were calculated using the impulse-momentum relationship. Jump height during the
fatigue protocol in the gym was calculated using a simple jump-and-reach test.
Musculoskeletal Modeling
OpenSim (v3.2, http://simtk.org) was used to simulate the pre- and post-fatigue box-landand-cut trials (48). A generic musculoskeletal model consisting of 14 segments and 23 degrees of
freedom (dof) (359) was scaled to match each participant’s anthropometry based on
experimentally measured anatomical landmarks. Each hip was modeled as a 3-dof ball-andsocket joint. Each knee was modeled as a 1-dof hinge joint with abduction-adduction and
internal-external rotations as well as anteroposterior and superior-inferior translations
constrained to change as a function of knee flexion angle (360). The ankles were modeled as a 1dof pin joint. Once the scaled model was obtained, an inverse kinematics algorithm was used to
calculate joint angles by using the sum of weighted squared errors to minimize the error between
the experimental data and the model (361). Inverse dynamics was used to obtain lower extremity
joint moments, which were then decomposed into individual muscle forces via a static
optimization algorithm. This was accomplished by minimizing the sum of muscle activations
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squared (362). Anteroposterior knee joint reaction forces using the muscle forces obtained from
static optimization were computed using the JointReaction Analysis in OpenSim (363). Finally,
anteroposterior knee joint reaction force was used to estimate ACL loading (FACL) relative to the
tibial coordinate system (54, 137, 358). ACL loading was based on cadaveric knee measurements
and expressed as an exponential function of knee flexion angle (75, 330). Therefore, using the
equation below, FACL was calculated as:
FACL =

F100N(θknee) – F0N(θknee)
∙ FAP + F0N(θknee)
100N

Where FACL was the overall ACL loading, F100N is the ACL loading when 100 Newtons of
anterior tibial force was applied respective to the knee flexion angle (θknee), FAP was the
anteroposterior knee joint reaction force, and F0N is the ACL loading when there was no applied
anterior tibial force respective to the θknee.
Statistical Analysis
Independent unpaired t-tests were used to calculate differences in healthy control and ACL-R
descriptives as well as fatigue protocol characteristics. Differences in FACL across the entire
stance phase between healthy control and ACL-R during the two fatigue conditions was
examined via one-dimensional statistical non-parametric mapping (SnPM{f}) 2  2 ANOVAs
(group  fatigue) using Random Field Theory to correct for Type I error inflation (355, 356).
MATLAB R2020a (MATLAB, MathWorks, Natick, MA, USA) was used to implement the
SnPM{f} tests using the source code (http://www.spm1d.org) made available by Pataky,
Robinson and Vanrenterghem (356). Group main effect, fatigue main effect, and group × fatigue
interaction were shown to be significant when SnPM{f}rajectory crossed the critical threshold
boundary. If differences were found, the mean difference of the significant supra-threshold
clusters were calculated. If a group  fatigue interaction was found, a post-hoc SnPM t-test
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(SnPM{t}) was conducted on each pairwise comparison separately. Significance for all tests was
a priori set at p < 0.05.
Results
Musculoskeletal Modeling Validation
Magnitudes of the reserve moments used by the model were below 5% of the maximum net
joint moments, as recommended by Hicks, Uchida, Seth, Rajagopal and Delp (364). Qualitative
analysis of our predicted activations during the pre-fatigue box-land-and-cuts for the seven
healthy females were in agreement with previously collected experimental EMG activations
during 45° run-and-cut in healthy females for the following muscles: gluteus maximus, gluteus
medius, rectus femoris, vastus medialis, vastus lateralis, biceps femoris, medial hamstrings,
lateral gastrocnemius, and medial gastrocnemius (Figure 6). For most muscles, the predicted
activations followed the same patterns and fell within the standard deviation of the respective
experimental activations. Differences between predictive and experimental activations in
muscles such as the biceps femoris, medial hamstrings, and gluteus medius are most likely due to
the differences in the tasks (box-land-and-cut versus a typical 45° cut off the right foot to the
left). Qualitative analysis of the FACL curves (Figure 7) were in good agreement with previous
studies that have used the same FACL mathematical model used in the current study (53, 54, 71,
358).
Participant Descriptive and Fatigue Protocol Characteristics
There were no significant differences found in age, height, mass, LEFS, IKDC, KOOS, or the
TSK-11 between healthy control and ACL-R females (Table 1). There were also no significant
differences found in pre-fatigue jump height, post-fatigue jump height, post-collection jump
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height, rounds completed, end HR, end RPE, or total time between healthy controls and ACL-R
female (Table 2).
FACL Differences
There was no statistically significant group main effect, fatigue main effect, or group 
fatigue interaction found for FACL between healthy controls and ACL-R females pre- and post- a
fatigue protocol (Figure 8).
Discussion
The purpose of this study was to investigate how FACL would be impacted before and after
whole-body fatigue protocol in healthy and ACL-R females. We hypothesized that 1) surgical
intervention would influence FACL, regardless of fatigue, 2) that fatigue would influence FACL,
regardless of previous surgical intervention, and 3) that there would be an interaction between
fatigue and previous surgical intervention. None of our hypotheses were supported as there were
no statistically significant group main effects, fatigue main effects, or group  fatigue
interactions found.
There was no difference in FACL between healthy and ACL-R females, despite prior work
suggesting that ACL-R could significantly influence FACL (71). Samaan, Ringleb, Bawab, Greska
and Weinhandl (71) reported in a case study that a collegiate female soccer player experienced a
56% increase in FACL during unanticipated cutting following an ACL-R compared to before
surgical intervention. They found that most of this increase in FACL could be mostly attributed to
an increase in frontal plane ACL loading, followed by transverse plane loading. The collegiate
female soccer player in their study demonstrated an increase in knee adduction moment
following ACL-R. The frontal plane ACL loading calculations used in that study requires knee
adduction moment as an input. Therefore, the increased knee adduction moment seen after ACL-
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R may increase frontal plane ACL loading, which lead to an overall increase in FACL (71). There
was no change in knee adduction moment in either the healthy or ACL-R females. The only
kinematic or kinetic changes observed between the two groups were at the hip (Table 3). It
appears that the combination of increased hip flexion and abduction angles as well as increased
hip flexion and internal rotation angles without significant changes in knee and ankle kinematics
and kinetics indicates potential compensatory mechanisms at the hip in order to maintain knee
stability during the box-land-and-cut task in ACL-R females. These compensatory changes at the
hip in the ACL-R females could potentially keep FACL from being significantly different between
the two groups.
Previous work has shown that isolated fatigue of the hamstrings increases FACL by 36% in
healthy females (53). Weinhandl, Earl-Boehm, Ebersole, Huddleston, Armstrong and O'Connor
(53) reported that after the hamstring fatigue protocol, females cut with decreased knee flexion
angle compared to before the hamstring fatigue protocol. Decreases in knee flexion angle caused
the hamstring line of action to become more axial with the tibia. This, coupled with the
hamstrings reduced ability to provide a posteriorly directed shear force to counter the quadriceps
anteriorly directed shear force, lead to the net increase in FACL. There were no differences in knee
flexion angle pre- and post-fatigue in the healthy or ACL-R females in the current study (Chapter
3 Results). In fact, the only lower extremity mechanics that were influenced by fatigue were hip
flexion and knee abduction angle, as well as hip rotation moment (Chapter 3). As discussed in
Chapter 3, the meaningfulness of these changes in joint kinematics and their impact on ACL
injury should be questioned. It is important to note that Weinhandl, Earl-Boehm, Ebersole,
Huddleston, Armstrong and O'Connor (53) isolated the hamstrings and targeted them specifically
to fatigue. During the current study, participants completed a general fatigue protocol that would
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target whole-body fatigue. During repetitive tasks, such as what was utilized in the current study,
individuals may compensate for muscle fatigue by reorganizing movement patterns of individual
dof (322) to coordinate joint motions in a way to maintain performance when fatigued (365).
Since many dofs were being utilized by the participants in this study, it is plausible that
movement reorganization was a summation of very small changes at each dof (323), which
would result in little to no change of overall lower extremity kinematics or kinetics. If wholebody fatigue does not result in large changes in lower extremity kinematics or kinetics, it is
unlikely that it would have a major impact on overall FACL.
A number of limitations exist within the current study that must be acknowledged. First, the
study contains a small sample size. An a priori power analysis with an alpha of 0.05 a beta of
0.80, and effect size (f ) of 0.40 was performed based on key kinematic and kinetic variables (34,
35, 47). The analysis indicated that a minimum of 16 participants (eight per group) were
sufficient to detect any statistical differences. The small, uneven sample sizes of the healthy
control and ACL-R groups may have prevented the detection of differences in some variables
observed in the study, thus increasing Type II error. Due to the COVID-19 pandemic, we were
not able to complete data collections that would have allowed us to meet the minimum
participant number. We plan to add additional subjects to the current dataset to improve
statistical power in the future.
Second, static optimization was used to estimate muscle forces, and limitations with using
static optimization should be considered, such as the inadequacy of its ability to predict cocontractions of the muscles. However, our predicted muscle activations adequately agree with
previously collected anticipated running and cutting experimental electromyography data (Figure
6). While there may be slight differences in our predicted muscle activations compared to the
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experimental electromyography data due to task differences, we are confident our simulations for
this study are sufficient.
Finally, the ACL-R females all had different surgeons that conducted their ACLreconstruction, as well has received rehabilitation from different physical therapists. Therefore,
surgical techniques and rehabilitative protocols within the ACL-R females are different, thus
potentially influencing their lower extremity mechanics, which would in turn influence their
FACL. ACL-R females also had a variety of graft types. Research has shown that functional
outcomes of different graft types are similar after one year post-surgery (237). However, it is
currently unknown how different graft types may influence FACL.
Conclusion
The present study suggests that fatigue, ACL-R, or a combination of both may not be enough
to influence FACL. Other studies suggest that fatigue and ACL-R independently can influence
FACL. Differences in methodology and fatigue protocols, as well as small sample size most likely
lead to the lack of significant differences in the current study. However, given the limitations to
the study, future research should focus on increasing the sample size and improving data
collection techniques to grasp a better understanding of how FACL is influenced by fatigue and
prior ACL surgical intervention.
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Tables and Figures

Figure 6: Comparison of previously collected experimental activations (solid black line) from a standard 45° cut and predicted (dashed
black line) activations from the current study. Gray shaded region represents the standard deviation of the experimental activation.
Gmax, gluteus maximus; Gmed, gluteus medius; RF, rectus femoris; VM, vastus medialis; VL, vastus lateralis; BF, biceps femoris;
MH, medial hamstrings; LGas, lateral gastrocnemius; MGas, medial gastrocnemius.
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Figure 7: Mean ensemble curves for FACL from 0 to 100% of stance phase during the anticipated
box-land-and-cuts pre- and post-fatigue.
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Figure 8: SnPM{f} output from 0 to 100% of stance phase during the anticipated box-land-andcuts pre- and post-fatigue. The dashed horizontal line on the SPM{f} output indicates the critical
threshold boundary.
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Chapter 5: Fatigue’s Effects on Individual Lower Extremity Muscle Contribution to ACL
Loading in Healthy and ACL-Reconstructed Females
Abstract
Females are 16 times greater to sustain a second ACL injury compared to their healthy
female counterparts. Many of these females return to play their respective sport after ACL-R.
However, one variable hypothesized to be associated with injury that cannot be avoided is
muscular fatigue. Previous studies have shown that fatigue and ACL-R can independently
influence FACL. Little is known about the influence fatigue has on lower extremity mechanics of
ACL-R females. However, no study thus far has observed from a musculoskeletal modeling
perspective of how muscle contribution to FACL would be influenced by fatigue concomitantly
with ACL-R in recreationally active females. The purpose of this study was to investigate how
lower extremity muscle contribution to FACL would be impacted pre- and post- a fatigue protocol
in healthy and ACL-R females. Seven healthy and four ACL-R recreationally active females
completed five anticipated box-land-and-cutting trials pre- and post- a fatigue protocol. Lower
extremity kinematics and kinetics were collected with three-dimensional motion capture and
force plates. A modified musculoskeletal model was scaled based on participant-specific
anthropometrics, and muscle forces were obtained using static optimization. A previously
established mathematical ACL loading model was used to calculate as well as lower extremity
muscle contribution to FACL. The semimembranosus, soleus, vastus lateralis, and tensor fasciae
latae were found to be the largest contributors to FACL. Future ACL injury prevention and
rehabilitation protocols may want to target these muscles specifically in efforts to reduce injury
risk in healthy and ACL-R females.
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Introduction
Approximately 100,000 and 150,000 of all anterior cruciate ligament (ACL) injuries will
undergo reconstructive surgery to help individuals, such as athletes regain knee stability and
return to their respective sport (13). While ACL-reconstruction (ACL-R) returns most athletes
back to play, kinematic and kinetic changes to the reconstructed knee still exist compared to the
contralateral knee or control knees. These include changes in knee joint kinematics and kinetics,
decreased muscular strength, altered quadriceps and hamstring muscular activity, loss of
proprioception, and changes in coordinative variability of the knee joint (18-25, 58). These
altered mechanics are responsible for why up to 30% of these athletes will sustain a second ACL
injury within 24 months of the original ACL injury (26). Unfortunately, females are 16 times
more likely to experience a second ACL injury after the initial ACL-R compared to their healthy
female counterparts. As such, great effort has been placed on decreasing this high re-injury rate.
Because up to 83% of ACL-R athletes return to their pre-injury sport (32), coaches and
clinicians strive to implement rehabilitative programs that will put the athlete in the best position
to avoid a secondary ACL injury. However, regardless if an athlete is healthy or ACL-R,
muscular fatigue is one factor that cannot be avoided. Few studies exist that report the influence
of fatigue on ACL-R females compared to a healthy control group (46, 47). These studies
suggest that altered neuromuscular control potentially exists in ACL-R females after a fatigue
protocol (46, 47). Therefore, it is plausible that lower extremity muscles may exhibit altered
ACL loading patterns in a fatigued state for these two populations. Understanding specifically
which muscles are most influential on ACL loading in healthy and ACL-R females may help
clinicians, trainers, and coaches in preparing better ACL prevention and rehabilitation protocols
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for their athletes, as well gain insight to how muscle contribution may change after ACL
reconstruction.
It has been theorized that co-activation of the hamstrings and quadriceps help protect the
ACL from injury during dynamic movements. Recruitment of the hamstrings help reduce ACL
loading via counteracting excessive quadriceps force (9, 10). However, it is reasonable to assume
that additional muscles beyond the quadriceps and hamstrings influence ACL loading. While
muscles that cross the knee joint do, to various degrees, play a role in ACL loading, muscles that
do not span the knee joint cannot be overlooked. It is known through dynamic coupling that an
individual muscle can act to accelerate not only the joint it spans, but also other joints it has no
direct relationship with (11, 331), which in turn would influence contributions to the ground
reaction forces (GRF), joint reaction forces (JRF), and ultimately ACL loading. However, it is
impossible to account for individual muscle contribution to ACL loading using traditional
biomechanical data collection techniques.
Musculoskeletal modeling provides a way to estimate biomechanical parameters, such as
individual muscle forces, joint contact forces, and ligamentous forces, such as ACL force, that
are difficult to measure in vivo during athletic movements (48-50). Lower extremity muscle
contributions to GRF have been investigated during walking (336, 337, 366-369), running (335,
339), and most recently unanticipated sidestep cutting (338). Previous work have also examined
how individual muscles contribute to GRF, tibiofemoral contact forces, tibiofemoral shear force,
and frontal and transverse knee moments in healthy individuals (12, 55, 56). All of these studies
used an induced acceleration analysis approaches, which was developed to account for the
dynamic coupling nature of the body and allow for computations of accelerations induced by
individual muscles in the musculoskeletal model. Yet, no study thus far has described how
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individual muscles contribute to overall ACL loading, and how those muscle contributions to
ACL loading may be impacted by ACL-R or fatigue.
Therefore, the purpose of this study was to investigate how individual lower extremity
muscles contribute to ACL loading in a pre-fatigued versus post-fatigue state in healthy and
ACL-R females. Specifically, we used an induced acceleration approach in combination with
previously established ACL load model to examine lower extremity muscle contributions to
overall ACL loading and to identify which muscles have the greatest capacity to load the ACL.
This in turn would help classify which lower extremity muscles could be then targeted in future
ACL injury prevention protocols.
Methods and Materials
Participants
Prior to data collection, experimental procedures received ethical approval from the
university’s Institutional Review Board. Eleven (seven healthy controls, four ACL-R)
recreationally active females between 18 and 35 years volunteered for the study (Table 1).
Inclusion criteria for both the healthy control and the ACL-R groups included being
recreationally active at least 3 days per week for a minimum of 30 minutes per session, with one
session being a dynamic training session, no lower extremity pain on the day, and no history of
lower extremity injury within six months prior to testing. Specific inclusion criteria for the
healthy control group included no history of lower back or lower extremity surgery, while
specific inclusion criteria for the ACL-R group included being a minimum of one year post ACL
reconstruction, no history of multi-ligament knee surgeries, active meniscal symptoms, or
bilateral knee surgery (57). There was no restriction on graft type or history of meniscal repair at
the time of ACL reconstruction (26, 61, 69), and all ACL-R females were cleared to return to full
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sport participation by their physician. All ACL reconstructions performed on the ACL-R females
were autografts. Two ACL-R females had patella tendon grafts, while the other two ACL-R
females had a semitendinosus-gracilis tendon graft and a quadriceps tendon graft, respectively.
Data collection consisted of two testing days, with a minimum of three days’ separation
between the two testing days. A full description of the Day 1 and Day 2 testing sessions can be
found in Chapter 3. Briefly, Day 1 consisted of participants providing written informed consent,
as well as complete a variety of health history questionnaires. Participants then completed an
ankle dorsiflexion range of motion assessment, a knee joint laxity assessment, a balance
assessment, and a strength assessment of the lower extremity musculature.
On Day 2, participants were asked to wear an athletic t-shirt, spandex shorts, and provided a
standard laboratory shoe (Nike Pegasus, Nike Inc., Beaverton, OR, USA) to wear during testing.
Participant height and weight were collected, and then participants completed a five-minute
warm-up at a self-selected pace on a treadmill. Following the warm-up, a heart rate sensor was
secured to the participant’s chest (Polar T31 Heart Rate Sensor, Polar Electro Inc., Bethpage,
NY, USA) and a heart rate monitor (Polar FT1 Heart Rate Monitor, Polar Electro Inc., Bethpage,
NY, USA) was worn on the participant’s wrist. Then 27 anatomical, retro-reflective markers
were placed on specific anatomical landmarks of the neck, trunk, pelvis, and bilaterally on the
legs and feet (Figure 1). Clusters of four non-collinear markers on rigid thermoplastic shells were
attached to the trunk, pelvis, and bilaterally on the thighs, shanks, and heels. A pre-fatigue threesecond standing static calibration trail was recorded, and then the anatomical markers were
removed.
After the anatomical markers were removed, participants were asked to complete three
maximal vertical jumps to measure pre-fatigue vertical jump height. Then, participants stood on
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top of a 30 cm box positioned half of the participant’s body height away from the center of the
force plate and were asked to jump out towards the center of the force plate and complete three
anticipated landing tasks. These landing tasks included: 1) landing unilaterally on the right foot
and cutting to the left, 2) landing unilaterally on the left foot and completing a cut to the right,
and 3) landing bilaterally and completing a vertical jump subsequent to the initial land. While
three landing tasks were performed, the box-land-and-cuts to the right were analyzed for all
healthy controls as well as ACL-R females who had a reconstruction on the right knee. Boxland-and-and-cuts to the left were analyzed for two ACL-R females who had a reconstruction on
the left knee. The landing tasks were counterbalanced, and five successful trials of each landing
task were collected prior to the start of the fatigue protocol. After the pre-fatigue data collection
trials are collected, the cluster markers were removed, and participants were brought into a gym
where the fatigue protocol began.
Experimental Protocol
A complete description of the modified fatigue protocol can be found in Chapter 3 (Figure 2).
In short, a maximal vertical jump-and-reach test against a wall was performed. Then, participants
stood in the middle of four exercise stations, placed 7.5 m in front, behind, and to the left and
right of the participant. Each exercise station consisted of four different body weight exercises.
To start a round, participants were instructed to sprint towards a randomly assigned exercise
station. The participant would sprint, backpedal, or side-shuffle to the respective exercise station,
complete the exercise, and then return back to their starting positon. Once all four stations were
completed, participants sprinted back to the wall to complete a maximal vertical jump-and reach,
then were asked their heart rate and rate of perceived exertion. Participants received 60 s of rest
before completing the next round. Participants completed as many rounds as possible until their
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maximal vertical jump-and reach height decreased by 25% for two consecutive maximal vertical
jumps.
Once maximal vertical jump-and-reach height was decreased by 25%, participants sprinted
back to the laboratory, where cluster markers were placed back on the participant, and the
participant completed three maximal vertical jumps to measure immediate post-fatigue maximal
vertical jump. Participants were then asked to complete the round of body weight exercises they
completed during the fatigue protocol. Then, participants completed the same counterbalanced
landings tasks as they did prior to completing the fatigue protocol. Between each landing task,
participants were asked to complete the set of body weight exercises to ensure they remained
fatigued through the post-fatigue data collection. Finally, after the last landing task was
collected, one final set of three maximal vertical jumps were recorded to measure if participants
maintained a level of fatigue throughout the post-fatigue data collection. The same set of
anatomical markers as described above were placed back on the participant, a post-fatigue threesecond standing static trial was collected, and then Day 2 data collection was ceased.
Data Analysis
For all trials, raw marker coordinate data were collected at 200 Hz with a 12-camera
motion capture system (Vicon, Centennial, CO, USA) while GRF data were collected
synchronously at 2000 Hz (AMTI, Inc., Watertown, MA). Raw marker coordinate and GRF data
were filtered using a fourth-order, zero lag, Butterworth low-pass filter with cut-off frequency of
12 Hz (36, 314, 348). Visual3D biomechanical software (C-Motion, Germantown, MD, USA)
was used to create a kinematic model made of eight skeletal segments (trunk, pelvis, bilateral
thighs, shanks, and feet) from the standing calibration trial. Segment coordinate systems were
determined using a joint coordinate system approach (350). Hip joint centers were determined at
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25% of the distance from ipsilateral to contralateral greater trochanter markers (349, 370). Knee
joint centers were determined using the midpoint between femoral epicondyle markers (350),
and ankle joint centers were determined using the midpoint between ipsilateral medial and lateral
malleoli markers (351). Stance phase was defined as the time from initial contact to toe-off, both
of which were identified using a vertical ground reaction force threshold of 10 N. Participants
involved limb were chosen for further analysis. The involved limb for the healthy females was
their dominant leg (i.e. right leg for all healthy participants), and the involved limb for the ACLR females was their ACL-R leg. Jump height during the pre-fatigue and post-fatigue data
collections in the lab were calculated using the impulse-momentum relationship. Jump height
during the fatigue protocol in the gym was calculated using a simple jump-and-reach test.
Musculoskeletal Modeling
OpenSim (v3.2, http://simtk.org) was used to simulate the pre- and post-fatigue box-landand-cut trials (48). A generic musculoskeletal model consisting of 14 segments, 23 degrees of
freedom (dof), and 80 musculotendon actuators (40 right leg, 40 left leg) (359) was scaled to
match each participant’s anthropometry based on experimentally measured anatomical
landmarks. Each hip was modeled as a 3-dof ball-and-socket joint. Each knee was modeled as a
1-dof hinge joint with abduction-adduction and internal-external rotations as well as
anteroposterior and superior-inferior translations constrained to change as a function of knee
flexion angle (360). The ankles were modeled as a 1-dof pin joint. Once the scaled model was
obtained, an inverse kinematics algorithm was used to calculate joint angles by using the sum of
weighted squared errors to minimize the error between the experimental data and the model
(Figure 9) (361). Inverse dynamics was used to obtain lower extremity joint moments, which
were then decomposed into individual muscle forces via a static optimization algorithm. This
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was accomplished by minimizing the sum of muscle activations squared (362). Anteroposterior
knee JRF using the muscle forces obtained from static optimization were computed using the
JointReaction Analysis in OpenSim. Anteroposterior knee JRF was used to estimate overall ACL
loading (FACL) relative to the tibial coordinate system (54, 137, 358). ACL loading was based on
cadaveric knee measurements and expressed as exponential functions of knee flexion angle (75,
330). Therefore, using the equation below, FACL was calculated as:
FACL =

F100N(θknee) – F0N(θknee)
∙ FAP + F0N(θknee)
100N

Where FACL was the overall ACL loading, F100N is the ACL loading when 100 Newtons of
anterior tibial force was applied respective to the knee flexion angle (θknee), FAP was the
anteroposterior knee JRF, and F0N is the ACL loading when there was no applied anterior tibial
force respective to the θknee.
The potential of all 80 musculotendon actuators to accelerate the center of mass were
calculated using a previously established induced acceleration analysis (Appendix T) which
included a rolling constraint foot-ground contact model (339, 371). Then, individual muscle
contributions to three-dimensional GRFs were calculated by 1) calculating the potentials via the
dot product of the subject-specific model mass and the induced acceleration analysis results, and
2) taking the dot product of the potentials and the individual muscle forces obtained from static
optimization. Normalized root mean square error (nRMSE) and coefficients of correlation (R2)
were calculated to compare the superposition errors between the three-dimensional experimental
GRFs and the summed muscle contributions to the GRFs pre- and post-fatigue.
To calculate individual muscle contribution to the FACL, each muscle’s contribution to the
anteroposterior JRF were computed by applying each muscle’s contribution to the GRF in
isolation and solving the dynamical equations of motion (Figure 9). Then, each muscle’s
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contribution to the anteroposterior JRF (Appendix U) in isolation was used in the
aforementioned equation to solve for that muscle’s specific contribution to the FACL. Reported
anteroposterior JRF as well as FACL were normalized to body weight.
Variables of Interest
Variables of interest were individual muscle contributions to anteroposterior JRF and peak
FACL between the healthy and ACL-R females pre- and post-fatigue.
Results
Musculoskeletal Modeling Validation
Magnitudes of the reserve moments used by the model were below the 5% of the maximal of
the net joint moments, as recommended by Hicks, Uchida, Seth, Rajagopal and Delp (364).
Good agreement existed between the superposition errors of the pre-fatigue anteroposterior
(nRMSE: 6.8% ± 3.1%; R2: 1.0 ± 0.0), vertical (nRMSE: 2.9% ± 1.3%; R2: 1.0 ± 0.0), and
mediolateral (nRMSE: 3.4% ± 1.6%; R2: 1.0 ± 0.0) experimental and summed muscle
contribution GRFs as well as the post-fatigue anteroposterior (nRMSE: 8.1% ± 8.3%; R2: 1.0 ±
0.0), vertical (nRMSE: 2.8% ± 1.4%; R2: 1.0 ± 0.0), mediolateral (nRMSE: 4.2% ± 5.0%; R2: 1.0
± 0.0) experimental and summed muscle contribution GRFs (Figure 10) (12). Qualitative
analysis of our predicted activations during the pre-fatigue box-land-and-cuts for the seven
healthy females were in agreement with previously collected experimental EMG activations
during 45° run-and-cut in healthy females for the following muscles: gluteus maximus, gluteus
medius, rectus femoris, vastus medialis, vastus lateralis, biceps femoris, medial hamstrings,
lateral gastrocnemius, and medial gastrocnemius (Figure 6). For most muscles, the predicted
activations followed the same patterns and fell within the standard deviation of the respective
experimental activations. Differences between predictive and experimental activations in
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muscles such as the gluteus medius are most likely due to the differences in the tasks (box-landand-cut versus a typical 45° cut off the right foot to the left). Qualitative analysis of the FACL
curves (Figure 7) were in good agreement with previous studies that have used the same FACL
mathematical model used in the current study (53, 54, 71, 358).
Individual Muscle Contribution to Anteroposterior JRF
Overall anteroposterior JRF in healthy females peaked at 1.71 BW approximately 51% of
stance phase pre-fatigue (Figure 11). The semimembranosus was the largest contributor to
anteroposterior JRF in healthy females, peaking at 0.66 BW at 55% of stance phase pre-fatigue.
The soleus (0.60 BW), vastus lateralis (0.59 BW), and tensor fasciae latae (0.14 BW) were also
substantial contributors to pre-fatigue anteroposterior JRF, peaking at 50%, 49%, and 42% of
stance phase, respectively. The medial gastrocnemius (-1.05 BW; 73% stance phase) and lateral
gastrocnemius (-0.36 BW; 72% stance phase) were the largest contributors to counteracting the
anteroposterior JRF. Post-fatigue, overall anteroposterior JRF decreased, and peaked at 0.89 BW
at 47% of stance phase. The soleus became the largest contributor, peaking at 0.61 BW at 46% of
stance phase in healthy females. The semimembranosus (0.56 BW), vastus lateralis (0.23 BW)
and the tensor fasciae latae (0.17 BW), also contributed to the post-fatigue anteroposterior JRF,
peaking at 53%, 47%, and 47%, respectively. Again, the medial gastrocnemius (-1.22 BW; 66%
stance phase) and lateral gastrocnemius (-0.37 BW; 67% stance phase), were the biggest
contributors to opposing post-fatigue anteroposterior JRF in healthy females. All other
contributions from the remaining musculotendon actuators in the model were negligible.
Overall pre-fatigue anteroposterior JRF in ACL-R females followed a similar pattern as the
healthy females, peaking at 1.41 BW approximately 53% of stance phase (Figure 11). The
semimembranosus was the largest contributor, peaking at 0.66 BW at 56% of stance phase. The
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vastus lateralis (0.49) and the soleus (0.43 BW) were the second largest contributors, peaking at
52% and 56%, respectively. The tensor fasciae latae (0.06 BW; 34% stance phase) was small in
its contributions to pre-fatigue anteroposterior JRF. The medial gastrocnemius (-0.98 BW; 77%
stance phase) and lateral gastrocnemius (-0.29 BW; 78% stance phase), were the biggest
contributors to opposing post-fatigue anteroposterior JRF in ACL-R females. Post-fatigue,
overall anteroposterior JRF deceased, and peaked at 1.19 BW at 49% of stance phase. The soleus
became the largest contributor, peaking at 0.47 BW at 51% of stance phase in ACL-R females.
The vastus lateralis (0.44 BW) and the semimembranosus (0.35 BW) also contributed to the
post-fatigue anteroposterior JRF, peaking at 46% and 48% of stance phase, respectively. The
contributions from the tensor fasciae latae were small (0.05 BW; 30% stance phase). Again, the
medial gastrocnemius (-0.93 BW; 76% stance phase) and lateral gastrocnemius (-0.32 BW; 78%
stance phase), were the biggest contributors to opposing post-fatigue anteroposterior JRF in
ACL-R females. All other contributions from the remaining musculotendon actuators in the
model were negligible.
Individual Muscle Contribution to FACL
Overall pre-fatigue FACL in healthy females peaked at 1.38 BW approximately 51% of stance
phase (Figure 12). The semimembranosus was the largest contributor, peaking at 0.55 BW at
50% of stance phase. The soleus and the vastus lateralis both peaked at 0.48 BW at 50% of
stance, while the tensor fasciae latae (0.11 BW) peaked at 42% stance. FACL decreased postfatigue and peaked at 0.91 BW at 50% of stance phase. The soleus became the largest
contributor, peaking at 0.55 BW at 38% of stance phase. The semimembranosus (0.51 BW),
vastus lateralis (0.23 BW) and the tensor fasciae latae (0.15 BW), also contributed to the post-
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fatigue FACL, peaking at 53%, 49%, and 47%, respectively. All other contributions from the
remaining musculotendon actuators in the model were negligible.
Overall pre-fatigue FACL in ACL-R females peaked at 1.47 BW approximately 55% of stance
phase (Figure 12). The semimembranosus was the largest contributor, peaking at 0.57 BW at
56% of stance phase. The vastus lateralis (0.41 BW) and the soleus (0.38 BW) were the second
largest contributors, peaking at 52% and 57%, respectively. The tensor fasciae latae (0.05 BW)
contributed little to FACL. FACL decreased post-fatigue and peaked at 1.08 BW at 48% of stance
phase. The soleus became the largest contributor, peaking at 0.47 BW at 62% of stance phase.
The vastus lateralis (0.39 BW), semimembranosus (0.32 BW) also contributed to the post-fatigue
FACL, peaking at 45%, 48%, respectively. Again, the tensor fasciae latae (0.04 BW),
contributions to FACL were small. All other contributions from the remaining musculotendon
actuators in the model were negligible.
Discussion
The purpose of this study was to investigate lower extremely muscle contribution to FACL
during the stance phase of an anticipated box-land-and-cut between healthy and ACL-R females
pre- and post- a fatigue protocol. We observed that pre-fatigue, the semimembranosus was the
largest contributor to FACL in both healthy and ACL-R females, while the soleus was the largest
contributor to FACL in both healthy and ACL-R females post-fatigue. The vastus lateralis and the
tensor fasciae latae were shown to be important secondary contributors to FACL pre- and postfatigue in healthy females, while only the vastus lateralis was an important contributor to FACL
pre- and post-fatigue in ACL-R females. These same muscles were also shown to be vital in
anteroposterior JRF contributions, while the medial and lateral gastrocnemius acted to counteract
the anteroposterior JRF.
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Overall FACL appeared to be more impacted by fatigue than by group. Weinhandl, EarlBoehm, Ebersole, Huddleston, Armstrong and O'Connor (53) found a 36% increase in ACL
loading after an isolated hamstring fatigue protocol, which would conflict with the results of the
current study. However, as discussed in Chapter 4, differences between the findings of
Weinhandl, Earl-Boehm, Ebersole, Huddleston, Armstrong and O'Connor (53) and our findings
most likely lie in methodological differences. It is also important to note that while differences in
FACL magnitude between pre- and post-fatigue for both groups are present, they were not
statistically significant (Figure 8).
Several studies have established that the quadriceps (i.e. vastus lateralis, vastus intermedius,
vastus medialis) are primary ACL loaders (116, 117, 124, 125, 127). The vastus lateralis was
determined to be an important contributor in FACL pre- and post-fatigue in both healthy and ACLR females. In fact, it was the only quadriceps muscle to meaningfully contribute to FACL. Zebis,
Andersen, Bencke, Kjaer and Aagaard (372) prospectively investigated risk factors associated
with ACL injury in athletic females. Females that sustained an ACL injury during the study
period were found to have had significantly higher preactivation of vastus lateralis activity prior
to injury during cutting tasks compared to females who did not sustain an ACL injury. These
results in combination with ours could indicate that instead of considering the quadriceps group
as primary ACL loaders, special emphasis should be placed on the specifically the vastus
lateralis’s role in ACL loading. In the current study, vastus lateralis contributions to ACL loading
changed between groups (i.e. healthy vs ACL-R) and conditions (i.e. pre-fatigue vs post-fatigue),
with the biggest difference occurring between healthy females pre-fatigue (0.48 BW) and postfatigue (0.23 BW). While differences exist in vastus lateralis contribution magnitude, future
work is needed to determine the meaningfulness of these changes.

117

Two hip muscles, the semimembranosus and the tensor fasciae latae were found to contribute
meaningfully to FACL. Previous work described the hamstrings (i.e. biceps femoris,
semitendinosus, and semimembranosus) as important ACL unloaders (10, 128). However, our
data suggests that the semimembranosus is a large contributor to FACL. This is most likely due to
the role the semimembranosus plays in contributing to tibiofemoral compressive JRF. The
semimembranosus has been shown to be the largest hamstring contributor to tibiofemoral
compressive JRF (373). During the stance phase of the box-land-and-cut, the tibia is drawn
upwards into the femur. The tibial also has a posteriorly sloped tibia plateau. Thus, as the
semimembranosus is a primary contributor to the compressive JRF, it may be possible that joint
geometry in combination with the box-land-and-cut task lead the semimembranosus to being a
contributor to FACL instead of being an ACL unloader.
The tensor fasciae latae was a surprising FACL contributor, but more interestingly it was only
a meaningful contributor in healthy individuals, and was negligible in ACL-R individuals. The
tensor fasciae latae connects to the iliotibial band, which runs laterally down the thigh and
attaches to the anterolateral aspect of the tibia. While it is considered a dynamic knee stabilizer,
the iliotibial band can also influence hip movement, specifically hip external rotation. Healthy
females were observed completing the box-land-and-cutting tasks with their hips externally
rotation, while the ACL-R females completed these tasks with hip internal rotation (Table 3).
Therefore, it is plausible that the hip mechanics utilized by the healthy group would cause the
tensor fasciae latae to be a contributor to FACL compared to the ACL-R group. There were no
fatigue main effects found with hip rotation (Chapter 3), which would explain as to why tensor
fasciae latae contribution is primarily affected by group and not fatigue.
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Recently, speculation has arose regarding the soleus’s role in FACL (130) (52). When the foot
is planted, the soleus acts to resist anterior tibial translation about the ankle (130). Thus, it has
been hypothesized that it could have these same resisting effects about the knee. However, it is
important to note that Elias, Faust, Chu, Chao and Cosgarea (130) used cadavers to determine the
role that the soleus has at the ankle and at the knee. During the current study, the participants
stood on a 30 cm box one-half the distance of their body height away from the force plates. As
soon as they made initial contact, they were asked to complete a 45° cut away from their planted
foot. Therefore, it could be hypothesized that soleus function during such a task would be
influenced by change of directions in the center of mass. Thus, the soleus could act to resist
anterior tibial translation about the ankle while the foot is planted, yet may not have the same
resisting effects about the knee during this specific task. We chose to use an induced acceleration
analysis which included a rolling constraint foot-ground contact model (339, 371). While this is a
well-established foot-ground contact model, soleus contributions to vertical and anteroposterior
center of mass accelerations have been shown to differ between various foot-ground contact
models (334, 371). Therefore, the magnitude of our soleus contributions to FACL may be
impacted by rolling constraint foot-ground contact model.
A number of limitations exist within the current study that must be acknowledged. First, the
study contains a small sample size. An a priori power analysis with an alpha of 0.05 a beta of
0.80, and effect size (f ) of 0.40 was performed based on key kinematic and kinetic variables (34,
35, 47). The analysis indicated that a minimum of 16 participants (eight per group) were
sufficient to detect any statistical differences. The small, uneven sample sizes of the healthy
control and ACL-R groups may have prevented the detection of differences in some variables
observed in the study, thus increasing Type II error. Due to the COVID-19 pandemic, we were
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not able to complete data collections that would have allowed us to meet the minimum
participant number. We plan to add additional subjects to the current dataset to improve
statistical power in the future.
Second, static optimization was used to estimate muscle forces, and limitations with using
static optimization should be considered, such as the inadequacy of its ability to predict cocontractions of the muscles. However, our predicted muscle activations adequately agree with
previously collected anticipated running and cutting experimental electromyography data
(Chapter 4 Appendix: Figure 5). While there may be slight differences in our predicted muscle
activations compared to the experimental electromyography data due to task differences, we are
confident our simulations for this study are sufficient.
Finally, the ACL-R females all had different surgeons that conducted their ACLreconstruction, as well has received rehabilitation from different physical therapists. Therefore,
surgical techniques and rehabilitative protocols within the ACL-R females are different, thus
potentially influencing their lower extremity mechanics, which would in turn influence their
FACL. ACL-R females also had a variety of graft types. Research has shown that functional
outcomes of different graft types are similar after one year post-surgery (237). However, it is
currently unknown how different graft types may influence FACL.
Conclusion
This study is the first to describe the lower extremity muscle contribution to the
anteroposterior JRF and FACL during the stance phase of an anticipated box-land-and-cut between
healthy and ACL-R females pre- and post- a fatigue protocol. These data could suggest muscle
groups to target in improving athletic performance as well as injury prevention and rehabilitation
protocols for not only healthy female athletes, but to ACL-R females returning back to sport.
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However, due to conflicting results with previous studies, further work is needed to determine
how muscles such as the semimembranosus and the soleus contribute to FACL.
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Figures

Figure 9: Visual representation of the musculoskeletal modeling workflow for calculating overall FACL and individual muscle
contribution to FACL.
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Figure 10: Muscle contributions to the anteroposterior GRF, mediolateral GRF, and the vertical
GRF during stance phase (i.e. initial contact to toe-off) pre- and post-fatigue. Anterior GRF is
indicated as positive and medial GRF is indicated as negative. The black solid line represents the
experimental GRF while the red dashed line represents the sum of all 80 musculotendon
actuators contributions to each GRF, respectively.
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Figure 11: Muscle contributions to the anteroposterior JRF during stance phase (i.e. initial
contact to toe-off) pre- and post-fatigue in healthy and ACL-R females. The colored muscles
represent the involved leg (i.e. the right leg for healthy females, ACL-R leg for ACL-R females).
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Figure 12: Muscle contributions to the FACL during stance phase (i.e. initial contact to toe-off)
pre- and post-fatigue in healthy and ACL-R females. The colored muscles represent the involved
leg (i.e. the right leg for healthy females, ACL-R leg for ACL-R females).
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Chapter 6: Conclusion
The purpose of this dissertation was to determine how fatigue and surgical intervention of
the ACL influenced lower extremity mechanics as well as how is to determine how individual
lower extremity muscles contributed to ACL healthy and ACL-R females. Chapter 3 showed that
ACL-reconstruction and fatigue is influential on specific hip and knee mechanics in
recreationally active females. ACL-R females displayed altered hip mechanics that may place
them at a higher risk of ACL re-injury, especially after muscular fatigue has been induced,
compared to healthy females. Chapter 4 found that neither fatigue nor surgical intervention
influenced FACL. Finally, Chapter 5 showed that fatigue and surgical intervention also did not
influence individual muscle contributions to FACL. Future research should focus on the effects
fatigue did have on hip mechanics in ACL-R females as a way to improve injury prevention as
well as rehabilitation protocols. Future research should also focus on improving the limitations of
this dissertation.
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Appendix B. Informed Consent

Consent for Research Participation
Research Study Title: Lower Extremity Muscle Contributions to ACL Loading in Healthy and
ACL-Reconstructed Males and Females
Researcher(s): Joshua T. Weinhandl, PhD, University of Tennessee, Knoxville
Shelby A. Peel, MS, University of Tennessee, Knoxville
Jake A. Melaro, MS, University of Tennessee, Knoxville
Lauren E. Schroeder, MS, University of Tennessee, Knoxville

Why am I being asked to be in this research study?
We are asking you to be in this research study because you are between the ages of 18 to 35 years
old and are recreationally active. We are also asking you to be in this research study because you are
either healthy or have experienced an ACL-reconstruction. We define being recreationally active as
being physically active at least 3 times per week for a minimum of 30 minutes each session, with one
of these sessions including dynamic movements, such as jumping and cutting. Individuals who are not
between the ages of 18 to 35, not recreationally active 3 times a week, or have sustained a lower back
or leg injury within the past 6 months will not be asked to be in this research study.

How long will I be in the research study?
If you agree to be in the study, your participation will involve 2 study visits, each lasting
approximately 2.5 hours long.

What will happen if I say “Yes, I want to be in this research study”?
If you agree to be in this study, we will ask you to come to the Biomechanics Lab for two testing
session.
On Day 1, you will come to the Biomechanics Lab. You will fill out the informed consent, as well as
complete the Lower Extremity Functional Scale (LEFS), Knee Injury and Osteoarthritis Outcome form
(KOOS), the International Knee Documentation Committee Subjective Knee form (IKDC), the Tampa
Scale for Kinesiophobia form (TSK-11), a musculoskeletal health history form, and a fitness activity
questionnaire. After these forms are completed, you will change into compression shorts and a generic
t-shirt, which will be provided if you do not have them. After you change, you will be asked to complete
a weight-bearing ankle joint range of motion assessment, a knee joint laxity assessment, a single-leg
balance assessment, and finally a muscle strength assessment of your hip, knee, and ankle muscles.
On Day 2, you will come to the Biomechanics Lab. You will change into compression shorts and a
generic t-shirt, which will be provided if you do not have them. You will also be fitted with a heart rate
monitor to wear during your data collection. Your height and weight will be collected. You will then
complete a 5-minute warm-up jog at a self-selected pace. After the warm-up, motion capture data
collection will start. Reflective markers will be placed on your right leg and pelvis, which will be used to
track your movement for each trial. You will perform three maximal vertical jumps, and then begin the
landing protocol. For the landing protocol, you will complete three different tasks. For tasks one and
two, you will stand on a 30-cm tall box that will be
placed ½ the distance of your height (in cm) away from the force plate. For the first task, you will jump
with both legs onto the force plate, and then perform a maximum vertical jump immediately after
landing. For the second task, you will land with your right leg on the force plate, then cut to the left at a
45-degree angle. The path that you will need to run will be marked with duct tape on the ground. For the
third task, you will land with your left leg on the force plate, then cut to the right at a 45-degree angle.
Five trials will be completed for each task. After the landing protocol is complete, you will then complete
IRB NUMBER: UTK IRB-19-05383-XP
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IRB EXPIRATION ATE: 08/29/2020

a fatigue protocol. The fatigue protocol consists of you running to four different exercise stations. There
will be an exercise station in front of you, one to your left, one to your right, and one directly behind you,
placed 7.5-m from your starting position. You will be directed to run to a randomly selected exercise
station, and complete five repetitions of the given exercise at that station, and then run back to your
starting position where you then then receive instruction to run to a different exercise station. You will
visit each station once in a round. After the completion of a round, you will complete 3 maximal vertical
jumps, and then have 60 seconds of rest before the start of the next round. You will complete as many
rounds as possible until your vertical jump height decreases by 25% of your pre-fatigue height. After the
completion of the fatigue protocol, you will complete 3 maximal vertical jumps and complete the same
landing protocol as described previously. After the completion of the second landing protocol, you will
then complete a final round of 3 maximal vertical jumps. Day 2 session will then be completed.

What happens if I say “No, I do not want to be in this research study”?
Being in this study is up to you. You can say no now or leave the study later. Either way, your decision
won’t affect your grades, your relationship with your instructors, or standing with the University of
Tennessee, Knoxville. Additionally, your decision won’t affect your relationship with the University of
Tennessee, Knoxville.

What happens if I say “Yes” but change my mind later?
Even if you decide to be in the study now, you can change your mind and stop at any time. If you
decide to stop before the study is completed, you can tell the PI and/or co-PI that you want to
withdraw from the study at any time. If you decide to withdraw from the study, your information will be
kept de-identified and kept in a locked drawer in the Biomechanics lab. Only study personnel will have
access to any forms and data that have already been collected.

Are there any possible risks to me?
It is possible that someone could find out you were in this study or see your study information, but we
believe this risk is small because of the procedures we use to protect your information. These
procedures are described later in this form.
Possible risks include lower extremity injury during the landings of the study movements and possible
soreness from the leg assessments. These risks will be minimized. The movements that are included
are movements you should be familiar with, due to you being recreationally active. You are also
required to warm up before data collection, so your muscles are ready to move.

Are there any benefits to being in this research study?
We do not expect you to benefit from being in this study. Your participation may help us to learn more
about the relationship between fatigue and its relationship to traumatic knee injuries. We hope the
knowledge gained from this study will benefit others in the future.

Who can see or use the information collected for this research study?
We will protect the confidentiality of your information by keeping all forms in a locker drawer in the
Biomechanics lab, which is locked every day. If information from this study is published or presented at
scientific meetings, your name and other personal information will not be used. We will make every
effort to prevent anyone who is not on the research team from knowing that you gave us information or
what information came from you. Although it is unlikely, there are time when others may need to see
the information we collect about you. These include people at the University of Tennessee, Knoxville
who oversee research to make sure it is conducted properly.
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What will happen to my information after this study is over?
We will keep your information to use for future research. Your name and other information that can
directly identify you will be kept secure and stored separately from your research data collected as
part of the study. We will not share your research data with other researchers.

Will I be paid for being in this research study?
You will not be paid for being in this study.

Will it cost me anything to be in this research study?
It will not cost you anything to be in this study

Who can answer my questions about this research study?
If you have questions or concerns about this study, or have experienced a research related problem
or injury, contact the researchers, Dr. Joshua Weinhandl (jweinhan@utk.edu, 865974-9556), Shelby Peel (speel@vols.utk.edu, 865-974-2091), Jake Melaro
(jmelaro@vols.utk.edu, 865-974-2091) or Lauren Schroeder (lschroe1@vols.utk.edu, 865974-2091).
For questions or concerns about your rights or to speak with someone other than the research team
about the study, please contact:
Institutional Review Board
The University of Tennessee, Knoxville
1534 White Avenue
Blount Hall, Room 408
Knoxville, TN 37996-1529
Phone: 865-974-7697
Email: utkirb@utk.edu

STATEMENT OF CONSENT
I have read this form and the research study has been explained to me. I have been given the chance
to ask questions and my questions have been answered. If I have more questions, I have been told
who to contact. By signing this document, I am agreeing to be in this study. I will receive a copy of
this document after I sign it.
Name of Adult Participant

Signature of Adult Participant

Date

Researcher Signature (to be completed at time of informed consent)
I have explained the study to the participant and answered all his/her questions. I believe that he/she understands
the information described in this consent form and freely consents to be in the study.

Name of Research Team Member

Signature of Research Team Member
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Appendix D. International Knee Documentation Committee Form
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Appendix E. Knee Injury and Osteoarthritis Outcome Score Form
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Appendix F. Lower Extremity Functional Scale Form
Lower Extremity Functional Scale

KEY
0 - Extreme difficulty or unable to perform activity
1 - Quite a bit of difficulty
2 - Moderate difficulty
3 - A little bit of difficulty
4 - No difficulty

Extreme

Quite a bit

Moderate

Minimal

None

We are interested in knowing whether or not you are having any difficulty at all with the activities listed
below. Please provide an honest answer for each activity.

Today, do you or would you have any difficulty at all with:

0

1

2

3

4

1. Any of your usual work, housework or school activities

☐

☐

☐

☐

☐

2. Your usual hobbies, recreational or sporting activities

☐

☐

☐

☐

☐

3. Getting into or out of the bath

☐

☐

☐

☐

☐

4. Walking between rooms

☐

☐

☐

☐

☐

5. Putting on your shoes or socks

☐

☐

☐

☐

☐

6. Squatting

☐

☐

☐

☐

☐

7. Lifting an object, like a bag of groceries from the floor

☐

☐

☐

☐

☐

8. Performing light activities around your home

☐

☐

☐

☐

☐

9. Performing heavy activities around your home

☐

☐

☐

☐

☐

10. Getting into or out of a car

☐

☐

☐

☐

☐

11. Walking 2 blocks

☐

☐

☐

☐

☐

12. Walking a mile

☐

☐

☐

☐

☐

13. Going up or down 10 stairs (about 1 flight)

☐

☐

☐

☐

☐

14. Standing for 1 hour

☐

☐

☐

☐

☐

15. Sitting for 1 hour

☐

☐

☐

☐

☐

16. Running on even ground

☐

☐

☐

☐

☐

17. Running on uneven ground

☐

☐

☐

☐

☐

18. Making sharp turns while running fast

☐

☐

☐

☐

☐

19. Hopping

☐

☐

☐

☐

☐

20. Rolling over in bed

☐

☐

☐

☐

☐
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Appendix G. Tampa Scale for Kinesiophobia-11 Form
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Appendix H. Musculoskeletal Health Questionnaire

MUSCULOSKELETAL QUESTIONNAIRE
Spine / Low Back / Sacroiliac Joint:
Have You Ever Suffered An Injury To Your Spine / Low Back / Sacroiliac Joint?
YES

NO

 List Time Missed
 Please Describe
Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan

Have You Ever Been Hospitalized For A Spine / Low Back / Sacroiliac Joint Injury?
YES

NO

 When?
 Please Describe
Have You Ever Had Surgery of Any Kind on Your Spine / Low Back / Sacroiliac Joint?
YES

NO

 When?
 Please Describe
Have You Ever Had Numbness/Tingling Down One (1) or Both Legs?
YES

NO

 Date(s)/Time Missed?
 Please Describe?
Have You Ever Been Advised Not To Participate In Athletic Activities Due To A Spine,
Low Back, or SI Joint Injury?
YES

NO

 Please Describe
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Hip/Groin
Have You Ever Suffered An Injury To Your Hip / Groin (including hernias and/or sports
hernias)?

YES

NO

 List Time Missed
 Please Describe
Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan

Have You Ever Had Surgery For A Hip / Groin Injury?
YES

NO

 When?
 Please Describe
Have You Ever Been Advised Not To Participate In Athletic Activities Due To A Hip and/or
Groin Injury?
YES

NO

 Please Describe

Thigh / Hamstring / Quadriceps:
Have You Ever Suffered An Injury To Your Thigh, Hamstring, and/or Quadriceps?
YES

NO

 List Time Missed
 Please Describe
Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan

Have You Ever Been Hospitalized For A Thigh, Hamstring, and/or Quadriceps Injury?
YES

NO

 When?
 Please Describe
Have You Ever Had Surgery For A Thigh, Hamstring, and/or Quadriceps Injury?
YES

NO

 When?
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 Please Describe

Have You Ever Been Advised Not To Participate In Athletic Activities Due To A Thigh,
Hamstring, or Quadriceps Injury?
YES

NO

 Please Describe

Knee / Patella:
Have You Ever Suffered An Injury To Your Knee and/or Patella (kneecap)?
YES

NO

 List Time Missed
 Please Describe
 Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan

Have You Ever Been Hospitalized For A Knee and/or Patella Injury?
YES

NO

 When?
 Please Describe
Have You Ever Had Surgery For A Knee and/or Patella Injury?
YES

NO

 When?
 Please Describe
Have You Ever Been Advised Not To Participate In Athletic Activities Due To A
Knee/Patella Injury?
YES

NO

 Please Describe
Have You Ever/Do You Presently Wear A Knee Brace?
YES

NO

 Which Knee?

Brand / Model of Brace?

 Reason for Wearing ?

173

XVI. Ankle / Lower Leg:
Have You Ever Suffered An Injury To Your Ankle / Lower Leg?
YES

NO

 List Time Missed
 Please Describe
Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan

Have You Ever Been Hospitalized For An Ankle / Lower Leg Injury?
YES

NO

 When?
 Please Describe
Have You Ever Had Surgery For An Ankle / Lower Leg Injury?
YES

NO

 When?
 Please Describe
Have You Ever Been Advised Not To Participate In Athletic Activities Due To An Ankle /
Lower Leg Injury?
YES

NO

 Please Describe
Do You Presently

Tape Your Ankle(s)

Use Ankle Brace(s)

Other
 Please Describe

XII. Foot / Toes:
Have You Ever Suffered An Injury To Your Foot / Toe(s)?
YES

NO

 List Time Missed
 Please Describe
Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan
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Have You Ever Had Surgery For A Foot / Toe Injury?
YES

NO

 When?
 Please Describe
Have You Ever Been Advised Not To Participate In Athletic Activities Due To An Foot
and/or Toe Injury?
YES

NO

 Please Describe

XIII. Anterior Cruciate Ligament:
Have You Ever Experienced An Anterior Cruciate Ligament (ACL) Injury?
YES

NO

 List Time Missed
 Please Describe
What Knee? (check all that apply)
Left Knee

Right Knee

Both

Were Any Diagnostic Tests Performed? (check all that apply)
X-Rays

MRI

CT-Scan

Bone Scan

 Please Describe
What Activity Were You Doing At The Time Of Injury?
 Please Describe
Have You Ever Had An ACL Reconstruction?
YES

NO

 List Time Missed
 Please Describe
What Knee? (check all that apply)
Left Knee

Right Knee

Both

What Type Of Graft Did You Receive During Your ACL Reconstruction?
Semitendinosus-Gracillis Graft

Patellar Tendon Graft

 Please Describe
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Donor Graft

Other

Did You Participate in Any Prehabilitation (i.e. Physical Therapy) Before Surgery?
YES

NO

 Please Describe
 How Long?
Did You Participate in Any Rehabilitation (i.e. Physical Therapy) After Surgery?
YES

NO

 Please Describe
 How Long?
How Long Was It Until You Returned Back To Play (i.e. Time Between Surgery To
Clearance Back To Sport)
 Please Describe
Have You Ever Multiple ACL Reconstructions?
YES

NO

 Please Describe

IX. Menstrual Cycle

Are You Currently On Your Menstrual Cycle?
YES

NO

 How Long?
How Long Does Your Typical Menstrual Cycle Last?
 Please Describe
When Was Your Last Menstrual Cycle?
 Please Describe
 How Long?
When Was Your First Menstrual Cycle?
 Please Describe
Have You Ever Been Pregnant?
YES

NO
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Appendix I. Fitness Activity Questionnaire

FITNESS ACTIVITY QUESTIONNAIRE
Please describe your current participation in the following types of exercise:
1.
Aerobic (aerobic classes, walking, jogging, stair climbing, hiking, cycling, etc.)
Frequency (# of days per week):
Duration (time spent per session):
minutes
Intensity (difficulty level):
light
somewhat hard
hard
very hard
How long have you been participating in aerobic activity as described above?
Years
2.
Anaerobic (weight training, sprinting, etc.)
Frequency (# of days per week):
Duration (time spent per session):
minutes
Intensity (difficulty level):
light
somewhat hard
hard
very hard
How long have you been participating in anaerobic activity as described above?
Years
3.
Organized or Recreational sports
Type of sport(s):
Frequency (# of days per week):
Duration (time spent per session):
minutes
Intensity (difficulty level):
light
somewhat hard
hard
very hard
How long have you been participating in sports activity as described above?
Years
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Appendix J. Individual Subject Characteristics
Table 5: Individual subject characteristics.
Subject

Age (yrs)

Height (cm)

Mass (kg)

Leg
Dominance

ACL-R
Leg

IKDC

KOOS

LEFS

TSK-11

S01

27

171.5

74.5

R

-

84

96

76

11

S02

24

163.0

65.5

R

L

86

99

80

12

S03

25

163.0

62.6

R

-

87

100

80

11

S05

22

166.0

61.8

R

-

87

100

78

11

S06

20

166.0

61.6

R

L

83

97

80

18

S07

21

158.0

62.2

R

-

86

100

78

13

S08

25

172.0

77.8

R

-

87

98

80

21

S09

20

160.0

70.2

R

-

87

100

80

15

S10

20

177.5

69.9

R

R

86

100

80

16

S12

21

170.5

75.0

R

-

87

100

80

13

S15

23

168.5

72.5

R

R

69

81

72

16

166.9 ± 59.0

68.5 ± 6.0

84 ± 5

87 ± 6

79 ± 3

14 ± 3

Mean ± SD 22.5 ± 2.4
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Appendix K. Individual Fatigue Protocol Characteristics
Table 6: Individual fatigue protocol characteristics.
Pre-Fatigue Post-Fatigue Post-Collection
Subject
JH (m)
JH (m)
JH (m)

Rounds
Completed

End HR
(BPM)

End RPE

Total Time
(MM:SS)

S01

0.30

0.26

0.24

9

179

17

2:13

S02

0.27

0.27

0.26

5

195

18

1:49

S03

0.20

0.19

0.16

19

171

19

2:22

S05

0.28

0.24

0.24

5

177

17

1:38

S06

0.28

0.26

0.26

6

201

20

1:48

S07

0.24

0.23

0.25

6

187

20

1:39

S08

0.30

0.33

0.30

8

190

17

1:43

S09

0.23

0.12

0.12

5

186

20

1:36

S10

0.23

0.16

0.15

6

182

18

1:54

S12

0.16

0.12

0.14

6

201

20

1:27

S15

0.27

0.25

0.24

5

200

20

1:52

Mean ± SD

0.25 ± 0.04

0.22 ± 0.07

0.21 ± 0.06

7±4

188 ± 10

19 ± 1

2:00 ± 0.3
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Appendix L. Cutoff Frequency Curves

Figure 13: Various cut-off frequencies (i.e. 10-10 Hz, 12-12 Hz, 15-15 Hz, 20-20 Hz) used on
three-dimensional knee joint moments to determine which cut-off frequency was most
appropriate to filter the raw marker coordinate and GRF data.
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Appendix M. Individual Subject Ensemble Curves for Joint Kinematics

Figure 14: Subject 01 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 15: Subject 02 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 16: Subject 03 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 17: Subject 05 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 18: Subject 06 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 19: Subject 07 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 20: Subject 08 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 21: Subject 09 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 22: Subject 10 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 23: Subject 12 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Figure 24: Subject 15 three-dimensional hip, knee, and ankle joint angles from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint angles.
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Appendix N. Individual Subject Ensemble Curves for Joint Kinetics

Figure 25: Subject 01 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 26: Subject 02 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 27: Subject 03 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 28: Subject 05 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 29: Subject 06 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 30:Subject 07 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 31: Subject 08 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 32: Subject 09 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 33: Subject 10 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 34: Subject 12 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.
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Figure 35: Subject 15 three-dimensional hip, knee, and ankle joint moments from 0 to 100% of
stance phase. The shaded regions represent the standard deviation of the pre- and post-fatigue
joint moments.

202

Appendix O. Individual Subject Hicks Recommendations for Static Optimization Reserves
Table 7: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the right hip pre fatigue ACR trials.
Right Hip Flexion
Subject

Right Hip Adduction

Right Hip Rotation

Hicks

Average

Hicks

Average

Hicks

Average

S01

-6.97

0.00

-6.26

0.00

1.73

0.01

S02

-4.33

0.01

-1.90

-0.03

0.74

-0.08

S03

-4.54

0.00

-6.55

-0.02

1.67

0.03

S05

-4.12

-0.24

-5.87

-0.37

1.76

0.90

S06

-3.92

0.02

-1.74

-0.03

0.77

-0.04

S07

-5.06

0.00

-5.95

-0.02

1.84

0.03

S08

-8.85

0.16

-8.11

-0.07

1.66

0.23

S09

-5.56

0.01

-6.22

-0.01

1.12

0.02

S10

-7.77

0.00

-7.93

-0.01

1.39

0.00

S12

-3.77

0.00

-7.60

-0.02

1.55

0.02

S15

-8.67

0.00

-6.51

-0.01

1.91

0.02

Mean ± SD

-5.78 ± 1.94

0.00 ± 0.09

-5.88 ± 2.15

-0.05 ± 0.11

1.47 ± 0.41

0.10 ± 0.27
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Table 8: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the right knee and ankle pre fatigue ACR trials.
Subject

Right Knee Angle

Right Ankle Angle

Hicks

Average

Hicks

Average

S01

-11.89

0.00

-9.11

0.00

S02

-0.22

0.02

-0.06

0.01

S03

-6.21

0.00

-7.33

0.00

S05

-7.42

0.00

-9.44

0.00

S06

-0.21

0.02

-0.03

0.01

S07

-7.37

0.00

-5.75

0.00

S08

-10.10

0.09

-11.32

0.00

S09

-11.53

0.01

-6.25

0.00

S10

-6.80

0.00

-10.16

0.00

S12

-8.86

0.00

-7.57

0.00

S15

-7.27

0.00

-7.73

0.00

Mean ± SD

-7.08 ± 3.88

0.01 ± 0.03

-6.80 ± 3.72

0.00 ± 0.00
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Table 9: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the left hip pre fatigue ACR trials.
Left Hip Flexion
Subject

Left Hip Adduction

Left Hip Rotation

Hicks

Average

Hicks

Average

Hicks

Average

S01

1.04

0.01

-2.83

-0.01

1.04

-0.01

S02

0.71

0.00

-5.21

-0.01

0.71

0.00

S03

0.51

0.02

-1.20

-0.01

0.51

-0.01

S05

0.61

0.02

-1.40

-0.01

0.61

-0.01

S06

1.63

-0.01

-4.08

-0.01

1.63

0.01

S07

0.58

0.01

-1.62

-0.01

0.58

0.00

S08

1.31

0.02

-2.56

-0.01

1.31

0.00

S09

0.92

0.02

-2.72

-0.02

0.92

-0.01

S10

0.70

0.02

-2.21

-0.03

0.70

-0.01

S12

0.66

0.01

-1.47

-0.02

0.69

-0.04

S15

0.66

0.01

-2.29

-0.01

0.66

-0.02

Mean ± SD

0.85 ± 0.35

0.01 ± 0.01

-2.51 ± 1.22

-0.01 ± 0.01

0.85 ± 0.35

0.01 ± 0.01
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Table 10: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the left knee and ankle pre fatigue ACR trials.
Left Knee Angle
Left Ankle Angle
Subject
Hicks
Average
Hicks
Average
S01

-0.20

0.02

-0.19

0.01

S02

-3.99

0.00

-6.36

0.00

S03

-0.28

0.02

-0.06

0.01

S05

-0.53

0.01

-0.04

0.01

S06

-8.25

0.00

-5.46

0.00

S07

-0.29

0.02

-0.04

0.01

S08

-0.43

0.03

-0.15

0.02

S09

-0.85

0.02

-0.07

0.01

S10

-0.81

0.02

-0.05

0.01

S12

-0.47

0.02

-0.04

0.01

S15

-0.53

0.02

-0.16

0.01

Mean ± SD

-1.51 ± 2.48

0.02 ± 0.01

-1.15 ± 2.36

0.01 ± 0.01
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Table 11: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the right hip post fatigue ACR trials.
Subject

Right Hip Flexion

Right Hip Adduction

Right Hip Rotation

Hicks

Average

Hicks

Average

Hicks

Average

S01

-5.41

-0.01

-8.53

-0.03

1.51

0.07

S02

-4.29

0.02

-1.13

-0.03

0.56

0.00

S03

-4.43

0.00

-6.15

-0.01

1.42

0.02

S05

-4.45

-0.78

-5.34

-0.98

1.02

2.15

S06

-3.69

0.01

-2.03

-0.02

0.86

-0.03

S07

-9.25

-0.01

-4.76

-0.03

1.62

0.06

S08

-7.39

0.01

-8.80

-0.01

1.55

0.00

S09

-3.76

0.00

-6.59

-0.01

0.90

-0.01

S10

-5.92

0.00

-10.19

-0.01

1.43

0.01

S12

-5.14

0.00

-8.25

-0.03

0.85

0.02

S15

-8.27

0.00

-5.00

-0.01

1.76

0.02

Mean ± SD

-5.64 ± 1.88

-0.07 ± 0.24

-6.07 ± 2.82

-0.11 ± 0.29

1.23 ± 0.40

0.21 ± 0.64
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Table 12: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the right knee and ankle post fatigue ACR trials.
Right Knee Angle
Subject

Right Ankle Angle

Hicks

Average

Hicks

Average

S01

-8.81

0.01

-12.46

0.00

S02

-0.32

0.02

-0.05

0.01

S03

-7.17

0.00

-8.68

0.00

S05

-5.03

0.01

-10.75

0.00

S06

-0.09

0.02

-0.02

0.01

S07

-4.86

0.00

-5.21

0.00

S08

-10.00

0.01

-14.11

-0.01

S09

-7.31

0.01

-6.21

0.00

S10

-10.54

0.00

-10.55

0.00

S12

-7.71

0.01

-10.75

-0.01

S15

-7.97

0.00

-7.46

0.00

Mean ± SD

-6.35 ± 3.50

0.01 ± 0.01

-7.84 ± 4.66

0.00 ± 0.01
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Table 13: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the left hip post fatigue ACR trials.
Left Hip Flexion

Left Hip Adduction

Left Hip Rotation

Subject
Hicks

Average

Hicks

Average

Hicks

Average

S01

1.34

0.02

-2.46

-0.02

1.34

-0.03

S02

0.71

0.00

-5.97

-0.01

0.71

0.01

S03

0.54

0.02

-1.34

-0.01

0.54

-0.03

S05

0.68

0.02

-1.13

-0.01

0.68

-0.01

S06

1.50

0.00

-4.97

-0.01

1.50

0.01

S07

0.66

0.02

-1.12

-0.01

0.66

0.00

S08

1.11

0.02

-3.14

-0.03

1.11

-0.02

S09

0.49

0.01

-1.58

-0.01

0.49

-0.01

S10

0.81

0.02

-2.95

-0.03

0.81

-0.01

S12

0.65

0.01

-1.45

-0.01

0.65

-0.03

S15

0.73

0.01

-1.89

-0.01

0.73

-0.02

Mean ± SD

0.84 ± 0.33

0.01 ± 0.01

-2.55 ± 1.62

-0.01 ± 0.01

0.84 ± 0.33

-0.01 ± 0.01
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Table 14: Individual subject Hicks recommendations for the maximum static optimization reserves as well as the average subject static
optimization reserves for the left knee and ankle post fatigue ACR trials.
Left Knee Angle
Subject

Left Ankle Angle

Hicks

Average

Hicks

Average

S01

-0.41

0.01

-0.13

0.01

S02

-2.68

0.01

-5.94

0.00

S03

-0.40

0.02

-0.03

0.01

S05

-0.44

0.01

-0.03

0.01

S06

-6.99

0.00

-6.64

0.00

S07

-0.20

0.03

-0.07

0.02

S08

-0.57

0.04

-0.06

0.03

S09

-0.76

0.03

-0.08

0.01

S10

-0.74

0.01

-0.07

0.01

S12

-0.36

0.02

-0.02

0.01

S15

-0.21

0.02

0.00

0.02

Mean ± SD

-1.25 ± 2.03

0.02 ± 0.01

-1.19 ± 2.53

0.01 ± 0.01
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Appendix P. Individual Subject Normalized RMSE and R2 Values for Experimental versus Summed Muscle GRF Comparisons

Table 15: Individual subject pre-fatigue normalized root mean square error and coefficients of correlations for the anteroposterior,
mediolateral, and vertical GRFs to compare the superposition errors between the experimental and summed muscle GRFs.
Subject

Anteroposterior

Mediolateral

Vertical

nRMSE

R2

nRMSE

R2

nRMSE

R2

S01

7.8

0.96

3.3

1.0

2.8

1.00

S02

5.7

0.98

4.0

0.99

2.9

1.00

S03

7.1

0.96

0.9

1.0

2.1

1.00

S05

3.2

0.99

1.5

1.0

1.4

1.00

S06

8.2

0.95

3.5

1.0

4.2

1.00

S07

5.1

0.98

4.6

0.98

6.1

0.95

S08

12.6

0.87

6.7

0.98

3.5

1.00

S09

4.8

0.98

2.7

1.0

1.4

1.00

S10

12.2

0.87

4.3

0.99

3.0

1.00

S12

4.4

0.98

3.5

1.0

2.0

1.00

S15

4.2

0.99

2.4

1.0

2.9

0.99

Mean ± SD

6.8 ± 3.1

0.95 ± 0.04

3.4 ± 1.6

0.99 ± 0.01

2.9 ± 1.3

0.99 ± 0.01
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Table 16: Individual subject post-fatigue normalized root mean square error and coefficients of correlations for the anteroposterior,
mediolateral, and vertical GRFs to compare the superposition errors between the experimental and summed muscle GRFs.
Anteroposterior
Mediolateral
Vertical
Subject
nRMSE
R2
nRMSE
R2
nRMSE
R2
S01

5.2

0.99

1.4

1.00

2.3

1.00

S02

32.4

0.86

19.0

0.90

5.1

0.97

S03

5.9

0.98

1.4

1.00

1.7

1.00

S05

3.5

0.99

2.5

1.00

2.2

1.00

S06

7.1

0.94

4.3

0.99

3.5

0.99

S07

5.5

0.97

4.4

0.99

5.6

0.98

S08

5.1

0.98

1.5

1.00

1.5

1.00

S09

5.1

0.98

2.9

1.00

1.8

1.00

S10

10.3

0.93

3.4

1.00

2.1

1.00

S12

5.2

0.98

2.0

1.00

1.7

1.00

S15

3.9

0.99

2.8

0.99

3.3

0.99

Mean ± SD

8.1 ± 8.3

0.96 ± 0.04

4.2 ± 5.0

0.99 ± 0.03

2.8 ± 1.4

0.99 ± 0.01
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Appendix Q. Individual Subject Superimposed GRF Ensemble Curves

Figure 36: Subject 01 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 37: Subject 02 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 38: Subject 03 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 39: Subject 05 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 40: Subject 06 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 41: Subject 07 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 42: Subject 08 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 43: Subject 09 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 44: Subject 10 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Figure 45: Subject 12 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.

222

Figure 46: Subject 15 three-dimensional superimposed experimental and summed muscle GRFs
from 0 to 100% of stance phase. The shaded regions represent the standard deviation of the
experimental and summed muscle GRFs.
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Appendix R. Individual Subject Muscle Contributions to the Anteroposterior Joint Reaction Force

Figure 47: Subject 01 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 48: Subject 02 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 49: Subject 03 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 50: Subject 05 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 51: Subject 06 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 52: Subject 07 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 53: Subject 08 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 54: Subject 09 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 55: Subject 10 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 56: Subject 12 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Figure 57: Subject 15 individual muscle contributions to the anteroposterior joint reaction force. Colored lines represent muscles that
meaningfully contributed to the anteroposterior joint reaction force. Grey lines represent muscles that did not meaningfully contribute
to the anteroposterior joint reaction force.
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Appendix S. Individual Subject Muscle Contribution to the Overall ACL Loading

Figure 58: Subject 01 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.

235

Figure 59: Subject 02 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 60: Subject 03 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 61: Subject 05 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 62: Subject 06 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 63: Subject 07 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 64: Subject 08 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 65: Subject 09 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 66: Subject 10 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 67: Subject 12 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Figure 68: Subject 15 individual muscle contributions to FACL. Colored lines represent muscles that meaningfully contributed to FACL.
Grey lines represent muscles that did not meaningfully contribute to FACL.
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Appendix T. Comparing Hamner’s IAA to Lin’s IAA
Introduction
Muscles directly influence joints they cross, as well as indirectly influence joints they do
not cross. This phenomenon is known as dynamic coupling (11). Dynamic coupling describes
how an individual muscle force acts to accelerate instantaneously not only the joint it spans, but
also other joints and segments that it has no direct relationship (11, 331). This means that
individual muscles also contribute to the acceleration of the body’s center of mass. Because the
body is multisegmented, a muscle force acting at any joint in the body also instantaneously
transfers force throughout the body due to joint intersegmental forces (11, 331, 332). Therefore,
a single muscle can either directly or indirectly contribute to intersegmental forces, joint
accelerations, and other components like joint moments, joint power, and joint work, for all
joints in the body (11, 49, 331, 332).
In a perfectly linear system, the summation of all the individual forces that are
contributing to the total body acceleration must equal the overall total body acceleration (49).
When considering the human body, the summation of the internal forces of the body (i.e. muscle
forces, ligamentous forces, etc.) must equal the GRF obtained from a force plate to produce the
desired body’s kinematics (49). However, a major problem that researchers encounter is that a
force plate cannot measure the contribution of a single muscle’s force to the overall GRF, which
is necessary to evaluate the intersegmental forces and accelerations induced by that specific
muscle (49). As such, an induced acceleration analysis (IAA) was developed to account for the
dynamic coupling nature of the body during musculoskeletal modeling.
Various IAA methods for OpenSim are available for use. Two of the more common IAA
methods were produced by Lin (333), which uses a five-point foot-ground contact model which
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was later validated by Dorn, Lin and Pandy (334), and by Hamner, Seth and Delp (339), which
uses a rolling constraint as the foot-ground contact model. Hamner, Seth and Delp (339)’s IAA
method is now native to OpenSim while Dorn, Lin and Pandy (334) packaged the (333) IAA
method into an OpenSim plugin. While both methods have been validated for use in
musculoskeletal modeling, and have been utilized in previous research studying lower extremity
muscle function during walking (336, 337, 366-369), running (335, 339), and most recently
unanticipated sidestep cutting (338), there are subtle differences in how both IAA methods work.
Lin (333)’s IAA method calculates the contribution of each individual muscle force in the
musculoskeletal model to the ground reaction force (GRF) by applying the muscle force in
isolation and calculating the corresponding GRF using the equations of motion. Foot-ground
contact was modeled by a five foot-contact points, four points which were located around the
perimeter of the hind-foot segment, and one at the distal end of the toes. External GRFs exerted
on the foot by the ground were transmitted through these foot-contact points from the ground to
the rest of the body. A weighting matrix was used to constrain the foot contact with the ground in
a way that would accurately represent realistic foot movement, thus becoming a more robust
foot-ground contact model by accounting for all foot strike patterns, not just rearfoot strike
patterned gait. Lin (333) decomposed the GRFs from these foot-contact points by solving an
equality-constrained, least-squares problem. They solved this analytically by using the MoorePenrose pseudo-inverse approach on the weighting matrix, which was repeated solved for all
muscle forces in the body.
Hamner, Seth and Delp (339) created an IAA that quantifies the contribution of
individual muscles within a musculoskeletal model to three-dimensional center of mass
accelerations. In their IAA, the foot-ground interaction was modeled as a combination of non-
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penetrating unilateral constraint (i.e. no foot penetration in the ground, but the foot can be lifted
off the ground) and a pure rolling constraint (i.e. no foot slipping or twisting). Briefly, Hamner,
Seth and Delp (339) modified the generic equations of motion and replaced the contribution of
contact forces with a constraint matrix and constraint forces. This was done to accommodate the
kinematic constraints placed on the foot-ground interaction during stance phase of any
movement. Equations for the kinematic constraints included a non-penetrating constraint, a foreaft no-slip constraint, a mediolateral no-slip constraint, and a no-twist constraint. These four
equations were differentiated so that the results could be expressed in terms of conditions on the
coordinate accelerations, which were then used in formulating the total system constraints
needed to solve for the modified equations of motion. Muscle contribution to center of mass
acceleration then was calculated for each muscle in isolation by solving for the accelerations
caused by that specific muscle in the modified equations of motion. The results of this IAA give
the potential for each muscle’s ability to accelerate the center of mass. Individual muscle
contributions to three-dimensional GRFs can then be calculated by 1) calculating the potentials
via the dot product of the subject-specific model mass and the induced acceleration analysis
results, and 2) taking the dot product of the potentials and the individual muscle forces obtained
from static optimization.
Because individual muscle contributions to overall ACL loading is dependent on accurate
individual muscle contributions to the GRFs, it is vital to use the appropriate IAA method for
this data set. Therefore, the purpose of this communication was to compare the Hamner, Seth and
Delp (339) and the Lin (333) IAA methods and calculate the superposition error between the
experimental three-dimensional GRFs and the summed muscle contributions to the threedimensional GRFs.
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Methods and Materials
The average of five pre-fatigue trials from a representative healthy female participant
(S01; age: 27; height: 171.5 cm; weight: 74.5 kg) was used as the experimental data. A generic
musculoskeletal model (359) was scaled to match the participant’s anthropometry based on
experimentally measured anatomical landmarks. Individual muscle contributions to the threedimensional GRFs were calculated directly by using the Lin (333) IAA methods, while muscle
contributions to the three-dimensional center of mass accelerations were calculated by the
Hamner, Seth and Delp (339), which were then in turn used to calculate individual muscle
contributions to the three-dimensional GRFs. To verify the accuracy of the summed muscle
GRFs to the experimental GRFs, normalized root mean square error (nRMSE) and coefficients
of correlation (R2) were calculated (12). To qualitatively verify the summed muscle GRFs, threedimensional superposition plots for the experimental and summed muscle GRFs were created
(Figure 69).
Results
Overall, the Hamner, Seth and Delp (339) IAA method (anteroposterior GRF: nRMSE =
5.2% ± 1.2%; R2 = 0.99 ± 0.01; vertical GRF: nRMSE = 2.3% ± 0.2%; R2 = 1.0 ± 0.0;
mediolateral GRF: nRMSE = 1.4% ± 0.4%; R2 = 1.0 ± 0.0) outperformed the Lin (333) IAA
method (anteroposterior GRF: nRMSE = 13.0% ± 6.9%; R2 = 0.88 ± 0.11; vertical GRF: nRMSE
= 7.7% ± 1.6%; R2 = 0.99 ± 0.0; mediolateral GRF: nRMSE = 11.9% ± 1.1%; R2 =0.97 ± 0.01)
in all three directions, both quantitatively and qualitatively.
Discussion and Conclusion
Due to the performance of the Hamner, Seth and Delp (339) IAA method compared to
the Lin (333) IAA method, it was determined that the Hamner, Seth and Delp (339) IAA method
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would be the best IAA method to use in the current studies. Differences between the two
methods can most likely be attributed to the kinematic constraints set within the different footground contact model used in each IAA method. These differences would change the equations
of motion, thus impacting the calculations of individual muscle contributions.
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Figure 69: Comparison of the Hamner IAA and the Lin IAA summed muscle contributions to the three-dimensional GRFs and the
experimental three-dimensional GRFs from one representative healthy participant (S01) during a pre-fatigue anticipated box-land-andcut.
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Appendix U. The Hopper Model
Introduction
Knee joint reaction forces (JRF) represent the sum of contact forces between the tibia and
femur as well as all ligaments crossing the knee joint. Understanding resultant JRFs transmitted
across the knee joint can be extremely useful in understanding certain types of knee injuries,
such as ACL injuries. Specifically, anteroposterior knee JRF is a vital component in calculating
the load placed upon the ACL during any given motion, and is commonly used in wellestablished ACL loading models (54, 137, 358). OpenSim allows for easy computation of JRFs
via the JointAnalysis tool. A full description of how OpenSim calculates JRF can be found in
Steele, Demers, Schwartz and Delp (363)’s supplemental material. Briefly, the JointAnalysis tool
utilizes a recursive process that starts with the most distal segment and works upwards to
calculate the JRFs. To calculate knee JRFs, the segment distal to the knee (i.e. the ankle) is
treated as an independent body. Then, the sum of the external ground reaction forces, the sum of
all muscle forces, and the calculated JRF from the distal segment are added together, and then
subtracted from the sum of the segment mass, generalized coordinates, accelerations, and any
constraint forces applied to the body.
Because the interest of this dissertation is to quantify individual muscle contribution to
overall ACL loading, it is necessary to quantify individual muscle contributions to the
anteroposterior JRF. Recent papers have created methods to calculating individual muscle
contributions to three-dimensional ground reaction forces during various tasks (335-339, 366369). As the ground reaction forces are used within the JointReaction analysis in OpenSim,
individual muscle contributions to the anteroposterior JRF can easily be calculated by solving for
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the dynamical equations of motion by using each muscle’s contribution to the ground reaction
forces and their respective muscle force from static optimization in isolation.
To validate that the muscle contributions to ground reaction forces are accurate, the
theoretical principle of ‘superposition’ has been used to gain confidence in the simulated ground
reaction forces compared to the experimental ground reaction forces. The principle of
superposition states that the sum of all forces (e.g. muscle, gravity, velocity, Coriolis) acting on
the body must equal the experimental ground reaction forces (334). If this principle is true, and if
ground reaction forces are used in the JointReaction analysis, then the principle of superposition
should theoretically apply as a way to validate that muscle contributions to the anteroposterior
JRF compared to the overall anteroposterior JRF are accurate. If the muscle contributions to the
ground reaction forces and the anteroposterior JRF are agreeable, then it could be confidently
said that the muscle contributions to the overall ACL loading would also be accurate. However,
it is unknown how model complexity (i.e. increased number of muscles, joints, degrees-offreedom (dof)), would affect the principle of superposition.
Therefore, the purpose of this communication was to calculate individual muscle
contributions to the anteroposterior JRF and compute superposition error between the
experimental and simulated anteroposterior JRFs from a simplistic pendulum model as well as a
representative trial from a healthy representative participant from the current dissertation.
Methods and Materials
OpenSim (v3.2, http://simtk.org) was used to simulate a single drop landing. A custom
made pendulum model (i.e. Hopper model) was created to simplistically model the pelvis, femur,
and tibia during the landing simulation. More specifically, this model was a three segment, eight
degree-of-freedom (dof) actuated by 2 musculotendon actuators. A 20 kg block containing a 6-
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dof custom joint was used to define the pelvis. To define the femur and tibia, two 5 kg links
containing a 1-dof custom joint to model the hip and the knee were implemented. The patella
was represented by a wrapping object within the knee joint. The model contained two muscles,
vastus 1 and vasuts 2, both utilizing the Millard 2012 equilibrium muscle model (374). Landing
motion and ground reaction forces during the simulated landing were obtained via forward
dynamics. Inverse dynamics was used to obtain lower extremity joint moments. These joint
moments were then decomposed into individual muscle forces via a static optimization algorithm
(374), accomplished by minimizing the sum of muscle activations squared (362).
Anteroposterior knee JRF using the muscle forces obtained from static optimization were
computed using the JointReaction Analysis in OpenSim and were applied and expressed in the
tibial reference frame. The potential of the two musculotendon actuators to accelerate the Hopper
center of mass were calculated using a previously established induced acceleration analysis
which included a rolling constraint foot-ground contact model (339, 371). Then, individual
muscle contributions to three-dimensional GRFs were calculated by 1) calculating the potentials
via the dot product of the Hopper model mass and the induced acceleration analysis results, and
2) taking the dot product of the potentials and the individual muscle forces obtained from static
optimization. Finally, each muscle’s contribution to the anteroposterior JRF were computed by
applying each muscle’s contribution to the GRF in isolation and solving for the dynamical
equations of motion.
Overall anteroposterior JRF as well as the individual contributions to the anteroposterior JRF
was also calculated for one representative trial box-land-and-cut trial from a representative
healthy female participant (S01; age: 27; height: 171.5 cm; weight: 74.5 kg). A generic
musculoskeletal model (i.e. Lai model) consisting of 14 segments, 23 degrees of freedom (dof),
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and 80 musculotendon actuators (40 right leg, 40 left leg) (359) was scaled to match the
representative participant’s anthropometry based on experimentally measured anatomical
landmarks. Each hip was modeled as a 3-dof ball-and-socket joint. Each knee was modeled as a
1-dof hinge joint with abduction-adduction and internal-external rotations as well as
anteroposterior and superior-inferior translations constrained to change as a function of knee
flexion angle (360). The ankles were modeled as a 1-dof pin joint. The same methods for
calculating overall anteroposterior JRF as well as the individual components to the JRF in the
Hopper model were used to in the JRF calculations for the representative participant.
To verify the accuracy of the summed muscle contributions to the JRF as well as the summed
contributions of all components (i.e. muscles, gravity, velocity, residuals, reserves) to the
experimental JRF for the Hopper and the Lai models, normalized root mean square error
(nRMSE) and coefficients of correlation (R2) were calculated (12). To qualitatively verify the
summed muscle JRF and the summed total component JRF for the Hopper model (Figure 70)
and Lai model (Figure 71), a superposition plots for the experimental and summed JRFs was
created. Hopper model muscle only JRF consisted of the summation of both muscles in the
model (i.e. vastus 1 and vastus 2). The Lai model muscle only JRF was produced by the
summation of all 80 muscles within the model (i.e. all 40 right leg and all 40 left leg muscles).
Results
When examining the Hopper model JRFs, the contributions to the anteroposterior JRF by
the muscles only (nRMSE = 0.2%; R2 = 1.0) outperformed the contributions to the
anteroposterior JRF by all components within then model (i.e. sum of muscles, gravity, velocity,
residuals, and reserves; nRMSE = 4.6%; R2 = 0.99). When model complexity increased, both the
nRMSE and R2 increased. The Lai model contributions to the anteroposterior JRF by the muscles
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only nRMSE = 24.7%; R2 = 0.95) marginally outperformed the contributions to the
anteroposterior JRF by all components within then model (i.e. sum of muscles, gravity, velocity,
residuals, and reserves; nRMSE = 27.9%; R2 = 0.93).
Discussion and Conclusion
The theory of superposition was partially supported in the current study. We did find that
when using a simplistic pendulum model, the summation of the contributions to the
anteroposterior JRF by the muscles only were agreeable to the experimental JRF. With the
addition of other components, such as gravity, velocity, residuals, and reserves, we saw that both
the nRMSE and R2 increased. The residuals and reserves do not contribute to the GRFs,
therefore would not contribute to the JRFs and would be inappropriate to include in the
contributions summation. For the Hopper model specifically, it appears that gravity was the
biggest influencer in the differences between the muscle only JRF and the all components JRF.
When model complexity was increased with the addition of several muscles and dofs, both
nRMSE and R2 increased considerably. When examining the muscles only JRF for the Lai
model, superposition error quantitatively and qualitatively vastly increased compared to the
Hopper model. The addition of gravity, velocity, residuals, and reserves only minimally
increased these errors. This would suggest that in a simplistic pendulum model, gravity is the
largest influencer in superposition error, while in a complex model, the issue of superposition
error seems to mostly lie in the summation of the muscles.
The theoretical principle of superposition states the net variable is a summation of
individual components related to that variable. Dorn, Lin and Pandy (334) defined the principle
of superposition as the sum of all forces (e.g. muscle, gravity, velocity, Coriolis) acting on the
body must equal the experimental GRFs. We have determined that the principle of superposition
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verifies that the summation of all individual muscle contributions to the GRF agree with the
experimental GRFs observed in the current study (Appendix P; Appendix Q). However, for other
variables such as anteroposterior JRF, the principle of superposition may not remain true as the
principle of superposition only holds true when a linear relationship exists between the net
variable and the corresponding individual contributions to that variable.
Tijs, van Dieën, Baan and Maas (375) investigated the principle of superposition in the
contributions of the soleus and gastrocnemius to the net ankle joint moment in rats at different
ranges of ankle angles. They found that the sum of the soleus and gastrocnemius contributions to
the net ankle joint moment did not equal the actual net ankle joint moment at each ankle angle
they tested in the sagittal, frontal, and transverse plane (375). The authors hypothesized that this
was the result of different mechanisms, such as stretch of common elastic components shared
between muscles, transfer of muscle forces between epimuscular myofascial connections
between adjacent muscles, and increases in tendon moment arms attached to shared muscles, can
affect the mechanical interaction between the gastrocnemius and soleus muscles. Therefore, it is
possible that the same concepts described in the Tijs, van Dieën, Baan and Maas (375) paper
could hold true for the nonlinear summation for individual muscle contributions to
anteroposterior JRF when a more complex musculoskeletal model (i.e. increased number of
muscles, increased number of dofs) is used. However, it is important to note that the importance
of superposition between experimental JRFs and individual muscle contributions to the
experimental JRFs is unknown. Further work is needed to investigate the principle of
superposition and muscle contribution to JRFs.
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Figure 70: Comparison of the Hopper model summed muscle JRF and the Hopper model
summed total component JRF to the Hopper model experimental anteroposterior JRF.
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Figure 71: Comparison of the Lai model summed muscle JRF and the Lai model summed total
component JRF to the Lai model experimental anteroposterior JRF from one representative trial
box-land-and-cut trial from a representative healthy female participant (S01).
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